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1 INTRODUCTION 
Planning for fusion research and development (R&D) represents a 
great challenge to the decision maker. The development of a methodology 
for the selection of viable utility oriented options for fusion systems, 
applications, and fuels can have a great impact. The development of a 
set of detailed utility requirements for fusion systems related to the 
application and projected performance of presently conceived fusion plants 
can insure that the developed fusion systems will be adequate in the com­
mercialization phase. 
The decision maker can benefit from decision analysis tools that 
allow him to input attributes to be taken into account with the proper 
weighing factors. These tools provide him with the ability to input his 
preference patterns and to adjust them with changes in the state-of-the-
art or the technology. 
Throughout the R&D activities of fusion energy, the funding decisions 
which determine the pace of development of each of the fusion concepts are 
made; for the most part, on individual basis. The decisions depend to a 
large extent on the progress of experimental work and on theoretical 
physics results. This decision process has led to consideration of al­
ternate concepts which have been found to be promising on laboratory scale, 
but the decision process has not led to a systematic identification of 
those concepts which are the "most promising" for commercialization pur­
pose. The current mainline and advanced experimental fusion system is 
the Tokamak concept. There is concern, however, that emphasis on the 
Tokamak concept will lead, if it becorr,e' feasible, to the development of 
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very large, capital intensive, complex commercial facilities. Whereas 
there is a host of devices and concepts that are being proposed, which may 
lead to smaller, less complex commerical systems. When fusion reaches the 
stage at which a conmitment would be made to the design and construction 
of a demonstration facility, the selected device must satisfy stringent 
criteria relating to projected economical and commercial attractiveness. 
A demonstration plant that does not have the potential to compete in the 
market place with other power plants would certainly not be commercially 
viable. Presently there is no prominent candidate for a commercial fusion 
system, and hence, it is beneficial to develop a methodology for selection 
of alternative concepts in search of the most commercially attractive sys­
tem. Thus, the objective of this study is to develop a methodology for 
selection of viable utility oriented options for fusion systems, fusion 
fuel cycles, and fusion nonelectric applications. 
In the evaluation of fusion concepts, for example, three separate 
attributes may be considered, namely: state of development of the physics, 
of the system technological feasibility, and utility impact. Each of 
these attributes may be sub-divided into specific issues and a verbal 
rating is then used to rank the concept relative to each of these attri­
butes. In addition, overall ratings on each of the three attributes can 
be determined through appropriate combination of rates on the individual 
issues. 
The verbal rating system serves a very useful purpose in forcing the 
evaluators to make thorough investigation prior to passing judgments. The 
primary product of the evaluation is the critical examination of individual 
attributes for each concept. Also, there exists the possibility that a 
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selection of the best alternate utility oriented options may either 
shorten the time required to develop fusion power or it may lead to more 
economical fusion concepts. Finally, the exploration of alternative con­
cepts may suggest significant improvements for the mainline concepts or 
replace them entirely. 
In Chapter 2, a brief review of the work on the selection of alter­
nate fusion concepts is presented including work done by the U. S. Depart­
ment of Energy (DOE) and the Electric Power Research Institute (EPRI). 
In Chapter 3, development and evaluation of selected decision analysis 
methodologies is discussed. Special emphasis is given to fuzzy de­
cision analysis. Fundamental notations with brief introduction to fuzzy 
sets are provided. Then, multi-criteria decision models by fuzzy sets 
theory are analyzed and broad discussion on the expanded model used here 
is presented. 
In Chapters 4, 5, and 6, the application of the methodology and step-
by-step approach of fuzzy decision analysis to the fusion concepts, fusion 
fuel cycle, and fusion nonelectric applications are made respectively. 
In Chapter 4, the Tandem mirror, Elmo Bumpy Torus, and reversed field 
pinch ranked best, second best, and third best in array. In Chapter 5, 
3 the D- He fuel cycle is evaluated to be the best and is followed by D-T, 
D-D, and P-^^B respectively. Finally, in Chapter 6, the analysis shows 
that the pure fusion electric application is preferred over fusion-fission 
hybrid. 
Then, conclusions and recommendations for future work are given in 
Chapter 7. 
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In Chapters 8, 9, and 10, the Appendices A, B, and C are presented, 
where Appendix A provides a general description of fusion concepts. 
Appendix B presents the user oriented mul ti-attribute fuzzy decision 
analysis code (MAFDA) including the listing of the computer code. The 
input to the program is a simple verbal rating of alternatives and weights 
and the results are given in the form of ranking and preferability of 
numbers. Finally, Appendix C provides the results of the study and panel 
evaluation of alternate fusion reactor concepts by DOE. 
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2 LITERATURE REVIEW 
To assist in evaluating various funding and administrative strategies, 
a two year study had been conducted at the University of Texas at Austin 
by J. H. Vanston, Jr. (1). In this study, a computer simulation technique. 
Partitive Analytical Forecasting (PAF) was used for modeling fusion power 
development. Then the probabilities of and estimated times to success for 
major fusion development program had been analyzed. 
S. P. Nichols and J. H. Vanston, Jr. studied the possibilities of the 
Fusion-Fission Hybrid concept in the context of the overall development 
of CTR. Where Hybrid Fusion-Fission reactor and pure fusion reactors were 
compared by considering the mean time to completion and confidence in suc­
cess (2). It had been concluded that the hybrid developments were com­
pleted in a significantly shorter time span than the corresponding pure 
fusion reactors. 
The Energy Research and Development Administration (ERDA) published a 
report on policy and technical variables and program logics on development 
of fusion program. Five program logics had been discussed. These include 
level of effort research, moderately expanding sequential, aggressive, 
accelerated, and maximum effective effort. The choice of logics influences 
the activity within the program scope and a specific path emerges. The 
results from following that option constitute the technical variables which 
the decision maker evaluates in the process of proposing the program goals 
and adjusting objectives (3). 
The Electric Power Research Institute (EPRI) document on the status 
and options of fusion energy was prepared by McDonnell Douglas Astronautics 
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Company-East, Sabri and Debellis (4). The document presents the status of 
fusion, its most demanding challenges, its potential applications, and its 
assessment from a safety and environmental standpoint. 
The Electric Power Research Institute (EPRI) has conducted a review 
of fourteen alternate fusion reactor concepts that seem to be the most 
practical (5). Those concepts are limited to those employing magnetic 
confinement techniques for fusion power production. Some of them are 
still in their early stage of development. The objective of that study 
was to present the facts in a neutral tone without overselling or over-
criticizing any of the concepts. 
During the period of March-June, 1977, the U. S. Department of Energy 
(DOE) completed a first attempt at a uniform evaluation of alternate con­
cepts on some issues which were considered to be important in the develop­
ment of fusion reactors (5). Eleven alternate fusion concepts were evalu­
ated based on three separate issues: physics, technological requirement, 
and reactor desirability. All the concepts were evaluated by a single 
panel of scientists and engineers. Also, an adversary or science court­
like procedure was used for arriving at judgements on the criteria for 
each concept. A numerical straightforward scoring system was employed and 
numerical scores were given for each of the evaluated concepts. However, 
scores in the three separate evaluation issues were not combined to de­
rive an overall ranking of the concepts. 
In October, 1978, a public meeting was held on alternate concepts 
development program by the Office of Fusion Energy of the DOE. The pur­
pose of the gathering was to discuss information on candidate concepts 
whose plasma confinement approach does not fall within the mainlineTbkamak 
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or mirror fusion program (7). This meeting invited maximum public input 
for the concept selection process. 
Report on the Concept Review Committee recommendations for Proof-of-
Principle (P-O-P) alternate concept programs was published by DOE in March, 
1979 (8). A total of nine concepts were evaluated by nineteen consultants 
on the question of eligibility. The results of the evaluation of the nine 
candidate concepts were classified into three categories: (1) those con­
cepts judged to be potentially eligible for a P-O-P experiment such as the 
Elmo Bumpy Torus; (2) those concepts whose readiness for a P-O-P experiment 
at this time is more questionable such as the Stellarator; and (3) those 
concepts which are judged as definitely not ready for a P-O-P experiment 
at this time, such as the Ion Ring. 
The Chase Manhattan Bank has conducted a Delphi study on fusion energy 
that includes questions on technical and general aspects of fusion energy 
and its spacial application for synthetic fuel production (9). The over­
all results on timing and process were presented in graphs and histograms, 
along with statistical information and all relevant comments. 
All of the methodologies that are reviewed above serve a very useful 
purpose in forcing the évaluators to make judgements when we have exact or 
precise state of the system. In the case of evaluation of optimal alterna­
tives for fusion for the first time, DOE applied a simple numerical scor­
ing to examine the individual issues for each conceptual fusion reactor 
(6). This method is based on subjective judgement and it is not practical 
to pick one exact score from 0 to 10 in the case of fusion issues. 
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The alternative approach used in this study is based on the premise 
that key elements in evaluation of fusion issues are not numbers, but 
labels of fuzzy sets, that is, classes of objects in which the transition 
from membership to nonmembership is gradual rather than abrupt. Thus, 
this methodology seems to be most suitable for the selection of different 
available options for fusion energy due to impreciseness in the issues. 
In addition, this methodology was developed from a mathematical programming 
form and it has not been applied to any real world decision making prob­
lems before. 
3 
3 FUZZY DECISION ANALYSIS 
3.1 Introduction 
For all decision-making situations, whether complex or routine, there 
are certain common elements. For one thing, there must be more than one 
course of action open. Otherwise, there is nothing to decide. Another 
element that will be found in all decision problems is inexactness. In 
most decision making situations, the state of the system is seldom known 
exactly. If the state of the system is known exactly, then one may select 
that alternative action which results in maximum gain, or in other words, 
which has maximum utility (10). Then, decision making methodologies, like 
additive approach and simple ranking and scoring approaches, may be used. 
The inexactness may be due to uncertainty or impreciseness, which are 
quite different from one another. The statistical decision theory such as 
Bayesian updating and utility theory are universally known and are used 
in making decisions in the presence of uncertainty. However, in many 
cases, especially in the selection of different options for fusion energy 
at present stage, the inexactness in the state of the system is correctly 
attributed due to impreciseness. The statistical decision analysis cannot 
be used properly in making decisions in the presence of impreciseness of 
the state of the system, the ill-defined nature of the variables beyond 
using linguistic variables such as good, very good, fair, poor, etc. (10). 
3.2 Review of relevant decision making methodologies 
3.2.1 Additive approach The classical and most common approach 
for evaluating multidimensional consequences under certainty is the 
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additive representation. If a set of attributes Xg* ••• 
having consequences (zj, xg, .... then the additive formulation, a 
real value V is assigned to each consequence fxj, *2» ••• by 
V(XJ,  *2» ~ ^  ^2(^2) + •••» + (3.1)  
where V^-(*-) > V^.(x^.')if and only if x -  is preferred to x ^ '  (ll). This 
method can not be used for the selection of best options for fusion due to 
early stage of development in which there are many uncertainties involved. 
3.2.2 Simple ranking and scoring approaches This method is based 
on pure subjective judgement and usually is provided by a simple score 
from 0 to 10. A ranking of alternatives using various criteria of evalua­
tion may be used with weights being assigned to each criterion (12). 
The weighted averages of each option can be then used for selection. This 
method like additive approach can not be used for the selection of fusion 
energy options. 
3.2.3 The Bayesian approach The Bayesian approach basically is 
based on the opinions that should be expressed in terms of subjective or 
personal probabilities, and that the optimal revision of such opinions, 
in the light of relevant new information, should be accomplished via 
Bayes' Theorem (13). The output of a Bayesian analysis is not a single 
prediction, but rather a distribution of probabilities over a set of 
hypothesized states of the world. These probabilities can then be used, 
in combination with information about payoffs associated with various de­
cision possibilities and states of the vwrld, to implement any of a number 
of decision rules, including the maximization of expected value or expected 
utility (12, 13). 
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3.2.4 Utility theory The multiattribute utility (flAU) models pro­
vide a formal basis for describing or prescribing choices between alterna­
tives whose consequences are characterized by multiple values of relevant 
attributes. Based on these assumptions, it was shown in Keeney (14) how 
the two dimensional utility function in certain cases could be evaluated 
from 
u(x,y) = u^fx) + UyCy) = kUxfxjuyCy), (3.2) 
where k was an empirically evaluated constant. 
This method has been further developed for n-dimensional utility func­
tions. The main assumptions used in this approach are those of preferen­
tial independence and utility independence. Under certain conditions for 
the approach the overall multiattribute utility (MAU) function, U(x) takes 
either the additive form 
n 
U(x) = z k.u.(x.), (3.3) 
i=l ^ ^ ^ 
or the multiplicative form 
n 
1 + KU(x) = n [1 + Kk.u.(x.)], (3.4) 
i=l ^ ^ 1 
where u^ is the utility function of the consequence x^ (14). The parame­
ters kj are 'scaling constants' and K is a nonzero parameter which may be 
referred to as the "multiplicative weight". 
It is often convenient, but not necessary, to scale the utility func­
tions from 0 to 1. Thus, if a superscript * is used to refer to the most 
preferred (or maximum) value x. of an attribute X- and a subscript ^ is 
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used to refer to the minimum (or least desired) value, then 
u(x*) = U(x*) = 1 (3.5) 
and 
u(x. ) = U(x ) = 0. (3.5) 
' *  *  
The scaling factors may be interpreted as the probability, such that 
(Xj, xT) ~ [x*, (k^); x^, (l-k^)] (3.7) 
where xj refers to consequences (x^, Xg, ...x^ x^^^, ...x^) which do not 
include x^ and ~ refers to indifference (14). The left hand side is the 
outcome (x^*, x^ ) for certain, while the right hand side is the lottery 
yielding either x* with probability k^ or x^ with probability (1-k^). 
The values of k^ range between 0 and 1. 
The multiplicative parameter K is to be found by finding the roots of 
Eq. (3.4) evaluated at x* and x^-* ; that is, 
n 
1 + K = TT (1+Kk.). (3.3) 
i=l ^ 
The values of the sum of the scaling factors k^ reflect the attitude 
of the decision maker and provide the limits on the value of the multipli­
cative weight K. When 2k. =1, then K = 0 and the attitude is that of 
i ^ 
risk-indifference or moderation, while if zk- > 1 then -1<K<0 and the 
i ^ 
decision maker is risk averse. A gambler attitude becomes apparent when 
Ek^. <1 and hence K>0. 
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This section presents an approach which can be used in more complex 
situations where many attributes have to be considered and utilities of 
these attributes for each alternative are imprecisely known. 
From the set theory (15), one can define a set as the set of objects 
that either belong to or do not belong to a given set. Then one can in­
dicate E as a set and A as a subset E, 
a c e .  
Also, X as an element of E is a member of "belongs to" A using symbol C : 
A. 
In order to indicate whether % is a member of A or not, we characterize the 
membership function whose values indicate (yes or no). 
Up^ix) = 1 if X C A 
y^(x) =0 if X ^ A. 
In this case, there are sharp boundaries. If we define good recirculating 
power for fusion reactor concept as factor O.I and under and poor 
recirculating power as factor 0.8 and over, then one can give a member­
ship function for good by 
"good''' " 1 1 0 1 
"good'*) = 0 JC > 0.1, 
or for poor by 
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"poor'"' = ° if >< < 0.8 
"poor'*) " 1 If ' t 0-8-
Now, there are fusion reactors in which recirculating power is not 
precisely "poor" but not exactly "good" either. In order to obtain a more 
precise description of the sets we encounter in real life. Bellman and 
Zadeh (16) introduced the concept of fuzzy sets to deal with this type of in­
exactness. The concept of fuzzy set theory has been applied to system 
theory, game theory, decision theory, pattern recognition, probability 
theory, control, psychology, social science, medical science, etc. Gaines 
and Kohout give an extensive bibliography of fuzzy systems and closely 
related topics (15). 
3.3 Fundamental notation and a brief introduction to fuzzy sets 
Informally, a fuzzy set is a given class of "objects" in which there 
is no sharp boundary that exists between those objects that belong to the 
class and those which do not belong to that class. Mathematically, if 
X = {xl represents a collection of points or objects denoted by x, then a 
fuzzy set A in %(A C x) is a set of ordered pairs in the form 
A = I (x, y^(x))} , X ^ % (3.9) 
where ç is a shorthand of "belongs to" and Q refers to "a subset of". 
The u^(x) is the grade of membership of x in A and x ^ Vi is a function 
from % to a space M called the membership space (16). The space M may be 
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assumed to occupy the interval [0, 1] with 0 being the lowest and the 1 
being the highest of grade membership. 
As an example, if a fusion reactor has recirculating power of 0.4, 
then this particular fusion reactor's degree of membership in good recir­
culating power (above example) will be Wgood(0.4) = 0.2 and applying the 
notations defined 
a fusion reactor = E 
good = A 
X = recirculating power = [0,1] 
X = 0.4 
good = {0.4, Wgood(0.4)} = {(0.4, 0.2)}. 
If we have n set of alternatives for which decision making needs to 
be done, then each alternative is represented by a fuzzy subset 
A. c X, i e N 1 ^ 
where N = {1, 2, ..., n} ; 
A^ =  { ( * /  (x-))}, X  &  X .  (3.10) 
Then notation which represents the best alternative 0 ç: N is 
0 = {(i, PQ(i))}, i e N (3.11) 
where ^^(i) is the grade of membership of the i'th alternative which may 
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be considered the best alternative (17). Let and be two fuzzy 
quantities given by, 
= {(f^(a.), a^)}; i =1, 2, m (3.12) 
and 
= ((fgfbj), bj)}; j = 1, 2, ..., n (3.13) 
if 0 denotes any of the arithmetic operations (addition, subtraction, 
multiplication, or division), then 
0 B*" (3.14) 
= f(f,(C|^). c^)) 
where 
~ ^i ° ^i ^  Bj B^ 
and 
fc(Ck) = W A fg(Bj). 
The total elements in the set is m.n because of the cartesian product 
of supports of fuzzy sets A^ and B^. Sometimes it may happen that during 
computation, a certain element C* appears in a fuzzy set K times with 
same orjdifferent grade of membership f^, fg, ..., f|^, then the grade of 
membership of C* should be f, given by (18). 
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f = f} @ fg e ... e f(3.15) 
where 9 denotes the algebraic sum and is defined by 
f J » f2 = fi+ f; - fj -fj. 
Also, sometimes the number of terms in the resulting set would be 
very large, and reduction procedure needs to be done to change multi-
membership terms to uni-membership terms. To obtain this, let us assume 
a fuzzy set having N elements and their grades of memberhsip. In order 
to reduce the number of elements in this set to P where P « U, first we 
arrange all the support S (sf) in ascending order. That is 
Sa = {Si, $2, ..., Sn) . (3.16) 
Now, P sets are formed such that 
S^ = {Sp Sg, ..., S^} 
S  ^  -  { S (p_2)^+1, . . . .  S (p_i)^] 
p 
^ " (S(p_i)2+i' ' 5%} 
where 
£ = [N/P] 
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where [*] denotes integer nearest to x. From each of these P sets, ele­
ments are selected which have more grades of membership, compared to other 
f 
members of the same set, in fuzzy set S . 
Formally, 
Sp  =  { ( f s ( S i ) ,  S j ) ,  (fgCSg). Sg) ,  .... (fg(Sp ) ,  Sp ) }  
where 
= Vfs(S^). s,, S^c 
The preferability of alternative A^- (the best alternative) over other al­
ternatives will be defined as 
Pi = U, Up^-(P)), P e X (3.17) 
where is grade of membership of preferability of i^^ alternative over 
others. Also, a fuzzy relation P^j (: x x %, i, j (5 N, i f j is 
P-jj ~ {((xy* ^j)) ^p. .(*1* ^* *•{» (3.18) 
where Pn (*,-, x - )  will be defined as grade of membership of preferability 
ij ^ ^ 
of (best alternative) over %j( each of the other alternatives). 
In studying fuzzy set theory sometimes we deal with the support of a 
fuzzy set A which is a set S(A) such that x e S(A) ^ u^(*) > 0, or in 
k general, one can define supports of a function f on R is the closure of 
the set of all points * e at which f(%) ^ 0. 
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3.3.1- Intersection The intersection of the two fuzzy sets A and 
B which can be denoted by A n B and defined as the largest fuzzy set con­
tained in both A and B. Then the membership function of A n B can be 
given as 
^AnB^*^ = Min(y (x), Ug(*)), x E x . (3.1! 
This can be shown in infix form by using the conjunction symbol A instead 
of Min. Thus 
for example, if A is the class of fusion concepts with good recirculating 
power and B is the class of fusion concepts with high availability, then 
A n B is the class of fusion concepts which have both good recirculating 
power and high availability. 
3.3.2 Union The union of the two fuzzy sets A and B which is de­
noted by A U B, is defined as the smallest fuzzy set containing both A and 
B. Then the membership function of A u B is given by 
also, this can be shown in infix form, by using the disjunction symbol V 
instead of Max. Thus, 
^A n B " ^A ^B ' (3.20) 
= Max(y^(x), yg(x)), xCx ; (3.21) 
*AUB ^A V • (3.22) 
In the above example, where A={good recirculating power} and B = {high 
availability} the A UB = {high recirculating power or high availability}. 
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The general properties of decision making in a fuzzy environment may 
be assessed by a fuzzy goal G and fuzzy constraintC. Those are fuzzy sets 
with membership functions Pg(*) and of G and C respectively, where 
G a n d  C  CZx and the set x = {%} is a set of possible alternatives (16). 
A decision is basically a choice or a set of choices selected from 
available alternatives to achieve a specific goal or objective under given 
constraints. Thus, a fuzzy decision D is a set of alternatives resulting 
from the intersection of the goal and constraints, that is D C x is formed 
from a combination of a goal, G, and a constraint, C, or 
D = G n C (3.23) 
where nrefers to the intersection between two sets. The corresponding 
membership function vq(*) of D is given by 
Uq(X) = yQ(jf) ApqU) (3.24) 
where A refers to intersection of outcomes of functions and it represents 
a minimum in the fuzzy sense. 
In general, if there are all n goals and m constraints, the fuzzy 
decision is given by 
n m 
D = (P. G.) DiP C.) (3.25) 1=1 ' j=l J 
and similarly 
n m 
^0 " ( ^ (A, Wr ) . (3.26) 
" i=l J=1 
An optimal decision is defined as any alternative *' x which maxi­
mizes wg, that is 
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Uq(x') = Sup Uq(*). (3.27) 
y 
In some situations, the product of pg and is used to get closer 
interdependence between the goals and constraints (19); this product-
fuzzy decision 0^^ c % has the membership function 
m 
u n  =  (  %  U o  ) • (  n y  )  .  (3.28)  
pr i=l ^i j=l Lj 
Also, it is sometimes useful to assign weights to the goals and con­
straints in a decision making process to obtain a convex-fuzzy decision 
C x with the membership function 
n m 
where 
and 
I ] f 1 
I  f  t  I  r  »  Q j ,  B j  ^  0 >  
' ' ' i=l ' J ' j=l ' J 
n m 
z a,  + Z 6-  = 1  .  
i=l ' j=l J 
3.4 Fuzzy multi-criteria decision models 
A forerunner to fuzzy multi-criteria decision models was a Monte 
Carlo method presented by Kahne (20). This method is applied for making 
decisions in a situation when each alternative is to be judged on the basis 
of many aspects which have varying degrees of importance (20, 21). He as­
sumes that the importance of criteria which is called weighting and rating 
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of alternatives by those criteria can be evaluated in terms of linguistic 
variables such as very important, important, rather unimportant, very good, 
good, fair, etc. Since the precise degree of rating or weighting is not 
clear, due to lack of additional information or uncertainty, the grades 
have been given are ranges of numbers a-b represents a grade of somewhere 
between a and b but any number in that region is equally probable. Thus, 
a grade of a-b is a random number x, with uniform probability distributed 
so that X C [a,b]. Then, using notation j for the rating of alternative 
i with respect to criterion j, and j for a set of real numbers such that 
p^-j C Similarly Wj the relative importance of a criterion, is a set 
of real numbers with elements Wj. Therefore, R^j and Wj are assumed to be 
a set of random variables distributed uniformly between specified limits. 
Then, in order to rank the alternatives, an appropriate random number is 
generated to select the p^.j and Wj to evaluate which is final rating 
of alternative i 
_ n 
r -  =  I  W . p . .  i  =  1 ,  2 ,  . . . ,  m .  ( 3 . 2 9 )  
1 j=l J 
The alternatives are ranked by the number of times they were best in 
a large number of trials in which probability distributions were sampled. 
One's confidence in the result will depend upon how large a percentage of 
runs one alternative achieves in a particular ranking. However, this 
percentage may vary from one problem to another problem to establish con­
fidence. Kahne uses the nonnormalized weighted final rating where 
the weights do not necessarily add up to unity. 
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Jain introduced a decision method for systems in which the state of 
the system and/or the utilities of the alternative actions are known im­
precisely (22). Therefore, there will be three possible situations to be 
analyzed. 
3.4.1 Fuzzy knowledge about the system state, with non-fuzzy 
utilities The fuzzy knowledge about the state of a system can be 
shown as 
/  Xj j  , Xj C (3.30) 
Because of fuzzy knowledge about the state of the system, the utility 
associated with each alternative can not be determined exactly, but with 
this fuzzy utility, one can obtain the information about the state of the 
system. Thus, the fuzzy utility can be given as 
U = j  (wui(Uj), Uj)I (3.31) 
where 
"j ~ "ij 
and 
In order to select the optimal alternative, we need to consider both 
maximum utility associated with various alternatives and the grade of mem­
bership of the utilities, which are the same as the grade of membership of 
the states in . This is accomplished by utilizing the concept of maxi­
mizing sets. The maximizing set can be defined as a fuzzy set M(y) 
such that the grade of membership of a point y C Y in M(Y) 
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represents the degree to which y approximates to Sup Y in some specified 
sense (22). 
Thus, a set Y can be assumed to give all possible utility values re­
sulting for the given fuzzy state, 
m 
Y = U S(U.) . (3.32) 
i=l ^ 
The maximizing set for alternative a^ is given by 
^im " { "j) } (3.33) 
which is the fuzzy set representing the membership of S(U^) in the maximiz­
ing set corresponding to Y; 
and n 
'3.34, 
u_,v = Sup Y n = ±1, ±2, ±3, 
rncia 
The fuzzy set can be assumed as the grade of membership of each 
utility resulting when alternative a.j is selected, which is a combination 
of the information available in the sets ut and uT. This can be utilized 
f f by the fuzzy intersection of sets and U-. Thus, 
^'Uio("j) ^ ^Uim("j) * (3.35) 
The grade of membership of this alternative a^j, in the fuzzy set 
representing the fuzzy optimal alternative denoted by p^^(a^) and is 
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and 
\ ~ {  * i ) ) }  '  
(3.36) 
The optimal alternative a^ is the alternative having the highest grade of 
membership (1^/^0(3^)) in the set A^. 
Thus, 
"ao'^o' • (3.37) 
Also, this set can be normalized by dividing each grade of membership 
by w^o^^o) till the grade of membership of an alternative gives a clear 
idea about its closeness to the optimal alternative. 
3.4.2 Fuzzy utilities for a nonfuzzy state If the state of the 
systen is known to be c ^ and the utility ^ associated with the al­
ternative a^ for the state Xj is fuzzy, then the fuzzy utility can be given 
by 
"ij = I ("uij'wjl- "j' / • (3.38) 
In the utility matrix form 
'11 in 
U = (3.39) 
'ml mn 
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The procedure for selection of the optimal alternative is same as pre­
vious section. In the case of known nonfuzzy state Xj and fuzzy utilities, 
U. will be 
(3.40) 
Starting with this set, the fuzzy optimal alternative may be obtained. 
3.4.3 Fuzzy knowledge about the state with fuzzy utilities If we 
have a situation in which the fuzzy utility matrix of system is given by 
U = 
U 11 
'ml 
U In 
inn 
(3.41) 
and the fuzzy knowledge about the state of the systen is given by 
(3.42) 
then the utility associated with the alternative a^-, denoted by U^*, may be 
obtained; that is 
(3.43) 
Note that this is a fuzzy set where 
"I = 
and 
The fuzzy set ut* needs to reduce to a fuzzy set which gives grades 
of membership of nonfuzzy utilities associated with the alternative a^. 
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In reducing ut*, we need to modify the grades of membership of each element 
of uj^. That is 
^i* = Uj) = u^)). (3.44) 
In order to determine the grade of membership of various nonfuzzy 
utilities u^ in the set ut*, the grade of membership of u-j should be de­
termined on the basis of its membership in ufj and the membership of uTj in 
ut*. Thus 
\-*(Ui) = yxj) A Uuij(Ui). (3.45) 
In order to determine the fuzzy utilities associated with a^, the 
above procedure is to be repeated for all values of k for which xj, c S(x^). 
The resulting set ut* now contains utility values u-j and their grades of 
membership. 
The set uT*, which has originally a fuzzy set of fuzzy sets has now 
been reduced to fuzzy set uT^*, given by 
" l ' -  ( 3 - 4 6 )  
The set ut^* now contains various utilities and their grades of mem­
bership for the alternative a^. Thus, we may define 
ut = uN (3.47) 
and then, starting with this set, the fuzzy optimal alternative may be 
obtained. 
27 
3.5 Model 
A model is described here to deal with multiple-aspect alternatives 
decision-making under impreciseness in the state of the system. It is 
assumed that in the given situation, there are n alternative actions A^, 
Ag, ..., A^ possible. The best alternative is to be chosen on the basis of 
m aspects (attributes) a^, ag, ..., a^, respectively. The relative merit 
of the aspect a^. for the alternative A^ is given by the fuzzy rating r%j. 
Furthermore, the relative importance of each aspect is assessed by a fuzzy 
weighting coefficient, Wj of aspect a^. In such a situation, the ranking 
of the alternative may be achieved on the basis of their weighted rating. 
3.5.1 Fuzzy weighted-ratings The fuzzy evaluation of A^ based on 
the fuzzy weights Wj of aspect a^ and the fuzzy rating r^ of A^. from the 
point of view of aspect a^ is obtained by defining 
n 
z j=l Z w, 
(3.48) 
,2n .. where the function g maps R into R, z = (w^, Wg, ..., w^, r^, rg, ..., r^) 
on product space R^". Thus, 
'4 
(w.) A 
n 
A Mm (r.) 
k=l 'S-k 
(3.49) 
The fuzzy rating r^j of aspect a^ of alternative A^ is represented by 
the membership function un (r..)» where r.. takes its values on the real 
rij ij ij 
line R. Similarly, the relative importance of aspect a^ will be a fuzzy 
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variable w. represented by the membership function (w.) where w- also 
J  " i  J  J  
2n ^ takes its values on R. Through the mapping g: R R, the fuzzy set 
Z = (R , ) induces a fuzzy set R^ = (R, u^) with membership function 
i 
Un (r) = Sup uj (z), rC R 
ki z. 
Z:g(r) = r 
(3.50) 
where r^ defines the final rating of alternative A^. 
3.5.2 Optimal alternative In fuzzy decisions, the optimal deci­
sion is not directly that of selecting the alternative of the highest rank 
as is generally the case. In order to select most preferred alternatives, 
we need to consider both maximum utility associated with various alterna­
tives and the grade of membership of the utilities, which are the same as 
the grade of membership of the states in S. This is accomplished by 
utilizing the concept of maximizing set (22). The maximizing set can be 
defined as set H(r) of a set X as a fuzzy set such that the grade of mem­
bership of a point r C R in M(r) represents the degree to which x approxi­
mates the Sup R in some specified sense. 
The maximizing set is given by 
which is the fuzzy set representing the membership of S(A^) in the maximiz­
ing set corresponding to R; thus. 
M = {(r, U|^(r))} (3.51) 
n 
(3.52) 
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and 
r m 
™x = 5"P lu (S{A,) (3.53) 
1 -i 
where S(A^.) is the support of A^. the value of n can be varied to suit the 
application. Then the set o is simply determined as 
%o(i) = ^(r) Ay^ (r)), i C N. (3.54) 
3.5.3 Membership of the optimal alternative with other alternatives 
To compare the final fuzzy ratings of the different alternatives and 
see the membership of the other alternatives with the preferred alternative 
a fuzzy set (I, Pj) is defined where I is the fuzzy rank of alternative i. 
Also, one may define a conditional fuzzy set (I with a member­
ship function 
rg, r-y . . . ,  r ^ )  
1, if r. > r. V j CI 
^ ^ (3.55) 
0 ,  otherwise. 
The final fuzzy rating on r'" defines a fuzzy set R = (R^^, u?) with 
» ^9* •••> r ) A {j^ / X. (3.55) 
The fuzzy set (R*", u^) and the conditional fuzzy set (I, uj/-^) together 
induce the fuzzy set (I, uj) for which yj is now defined as (9) 
"I'i) = - -"I/R^"R . (3.57) 
rp rg, ..., 
The order of preference of alternatives i will be determined by the 
degree of membership given by ^ij. The best alternative corresponds to 
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unity. However, the order of preference only provides partial information 
about the preferred alternative and does not indicate how much is the de­
gree of preference of this alternative compared to other alternatives. 
Furthermore, it is possible that more than one alternative would have a 
unity membership in the fuzzy set (I, 
3.5.4 Preferability In order to determine the degree of prefera-
bility of the preferred alternative, the mapping h^. ;R"^R is defined to in­
duce a fuzzy set P. = (R , pp ) with membership function 
Up,(p)= sup_ _ "rifj. PCR (3.58) 
'"m _ 
nf''r '"2 - p 
where is given by Eq. (3.56). The function yp may be used to judge 
the degree of preferability of alternative over the other options. To 
evaluate this membership function, assume the general function (9) 
vyiy) = SUP n 
X CP' :f(x)=y A y-(x. ), yC R (3.59) 
i=l ^ 1 
where p^-(x^) are given membership functions; i = 1,2,..., n; f is a func­
tion of mapping r" into R and x = (x^, Xg, x-, ..., x^). Assume that 
are piecewise continuously differentiate functions mapping R*^ into R; 
each function is bounded, nonnegative and with finite support. Also, 
f is a continuously differential mapping of r" into R. 
When the point x = (x^, Xg, .., x^) c r" satisfies the following 
three conditions(9): 
31 
d .(x.) 
(1) u'i(x^) = dx ' t 0 (3.60) 
and 
df(x«, x^j •••> X ) 
f{(%) = —^ i 0 (3.61) 
(2) yj(x^) = ^2(^2) = = ufx^); and 
(3) (x^.)/"f^-(x) fias the same sign for each 
it {1> 2» •••) n} f 
then X is a strict relative maximum point of the mathematical programming 
probl em 
n 
max A y--(x.) subject to f(x) = y (3.62) 
i=l ^ 1 
where y = f(x). Thus, in order to determine the membership function 
r ud of 
^ ' 4 ^  ( 3 . 6 3 )  
E  W .  j=l ^ 
the partial derivatives f and f with respect to w. and r.m respective-
ly, need to be evaluated; that is 
(r,w) = ^ (3.64) 
j 
^ I w. 
i=l ^ 
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and 
where 
f^j(r,w) = -Ç— (3.65) 
z w. 
i=l ^ 
i = 1, 2, ...» n 
r = (r^, rg, , r^) 
and w = (w^, Wg, ..., w^). 
In order to compute the values of r for which u^(r) = with a given 
number, the numbers r^, rg, ..r^ and w^, Wg, ...» w^ need to be found 
such that yp (r%) = (w^-) = y^ for i f 1, 2, n and y'^ (f^) and 
y'^ (w.)/(rj-F) all have the same signs. 
To compute the values of p- for which 
1 ^ pi = *i - ïpt "j (3-gg) 
j=1 
jfl 
and 
ypi(Pi) = Wo (3.67) 
with a given number, the numbers x^, Xg, ..., x^ need to be found such 
that y^Cf^) = ygOrg) = ... y^fx^) = y^ and y'j(Xj), j = 1, 2, ..., m with 
j f i, all have the same signs, while y'^(x^) has the opposite sign. 
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4 APPLICATION OF FUZZY DECISION TO ALTERNATIVE 
FUSION REACTOR CONCEPTS 
Electric utility companies are the ultimate users of fusion energy. 
Those utilities are concerned with such factors as distribution and cost. 
The industry at large would be most interested in economics, feasibility, 
reliability of equipments, plant availability, ease of maintenance, capital 
cost, operation cost, plant size, occupational and public safety, environ­
mental impact, and possible use of the plant other than pure electrical 
production. 
Decision analysis can be employed in planning the commercialization 
phase of fusion to select the most cost effective options available. In 
order to do this, most of these issues and many other criteria have been 
subdivided into three viable utility oriented options of fusion systems, 
applications, and fusion fuel cycles, which will be analyzed in this chap­
ter and the next two chapters. 
Decision analysis by fuzzy sets is used in the selection of fusion 
concepts. The process has six distinct steps. Those are: 
• goal definition; 
• concept selection; 
• criteria (attributes/subattributes) development and measures; 
• criteria weights; 
• evaluation of alternate concepts; and 
• analysis. 
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4.1 Goal definition 
In the first step of the analysis, the goal needs to be defined to 
make it possible to determine to what extent a particular alternative 
satisfies the goal. The goal in this study for this section is the selec­
tion of the most promising fusion concept for commercialization taking 
into account several objectives; namely: physics features required for a 
reactor, positive energy balance, available technology, compatibility with 
utility requirements, safety and environmental considerations, and eco­
nomical aspects. Figure 4.1 displays the structure of the objectives as 
part of the decision goal. 
4.2 Concept selection 
The essence of the selection of alternate fusion concepts is that a 
concept must possess those physics features required for a reactor; energy 
balance evaluations must indicate net energy production with reasonable 
physics assumptions; basic eligibility for a P-O-P test; availability of 
needed technology, and utility acceptance; safety and environmental im­
pact; and economics. 
The first natural division is by the confinement technique, magnetic 
or inertial. Each of these two general classifications can be further 
subdivided into specific devices. Only magnetic confinement schemes will 
be considered here. 
For the present study, three alternate fusion reactor concepts that 
could lead to a P-O-P test are considered. These concepts are: 
1. Elmo Bumpy Torus Reactor (EBTR), 
GOAL 
(selection of best alternative fusion concepts) 
Objectives 
compatibility 
with util ity 
requirements 
basic 
eligibility 
for a p-o-p 
cost 
effectiveness 
positive 
energy 
balance 
safety 
and 
environment 
available 
technology 
acceptable 
time scale 
promising 
experimental 
and 
theoretical 
physics 
V results 
Figure 4.1. Objective structure 
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2. Reversed Field Pinch Reactor (RFPR), 
3. Tandem Mirror Reactor (TMR). 
The selection of alternate concepts is limited to those employing 
magnetic confinement techniques and to those that are judged to be poten­
tially eligible for a P-O-P experiment. The Tî<R has been chosen for a 
P-O-P test due to its attractiveness (6, 7, 8). The EBTR and RFPR con­
cepts have been chosen by DOE concept review committee (8) from among nine 
magnetic confinement alternatives to Tokamak and mirrors, to be supported 
for a P-O-P test (8). 
4.3 Criteria (attributes/subattributes) development and measures 
The decision making process is based on a well-defined set of evalua­
tion criteria. The satisfaction of these criteria is important for suc­
cessful selection of the optimal alternative concept. In order to be 
able to study each concept in detail, the criteria are used to develop 
attributes and subattributes. The guidelines for rating of the attributes 
and subattributes are shown in Table 4.1 and are defined in detail in Ap­
pendix A. The information on system characteristics are obtained from 
references 4-5 and 23-26. 
The development of criteria and measures is the most important part of 
the decision task and hence special care to the evaluation of such param­
eters. The fuzzy rating of an alternative may be represented by fuzzy set 
i = 1, 2 , . . . , m 
wFLjfr.j))} . = 1,2,...,n (*'1) 
Table 4.1. Guidelines for rating of attributes/subattributes 
Attributes/ 
subattributes 
Definition Very good Good 
Guidelines for rating 
Fair Poor Very poor 
1. Assessment of physics parameters 
Currently avail- — 
able theoretical 
and experimental 
information 
1.1 Confinement 
Lawson crite­
rion of density 
and confinement 
time and plasma 
temperature 
need to be sat­
isfied 
1.2 Stability 
Macroscopic 
and micro­
scopic in­
stabilities 
Favorable ex­
perimental re-
sults can be 
measured and 
scaled up with 
small modifica­
tion to the 
desired reac­
tor size 
Absolute 
macroscopic 
stability is 
not required 
Over a wide 
range param­
eters satisfy 
based on 
theory or re­
lated experi­
mental results 
Macroscopic 
stability is 
expected the­
oretically and 
related ex­
periments show 
optimistic re-
sul ts 
Over a narrow 
range parame­
ters satisfy 
based on theo­
ry or related 
experimental 
evidence 
No agreement 
with experi­
mental results 
and there is 
lack of mea­
surement to 
interpret the 
results 
No macroscopic 
stability, 
however, sta­
bility may be 
achieved via 
field modi­
fications or 
feedback con­
trol 
No theoretical 
or experiment­
al results 
that show evi­
dence of meet­
ing the con­
finement re­
quirement 
Extended pro­
gramming or 
feedback con­
trol is re­
quired to 
achieve abso­
lute stability 
There is a seri­
ous stability 
problem; ex­
tended studies 
are needed 
1.3 Heating 
Heat supplied 
to the plasma 
to compensate 
for energy 
losses. This is 
rated based on 
the degree of 
heating re­
quirements or 
ease of heat­
ing require­
ments 
1.4 Refueling 
The rates of 
refueling re­
quired de­
pend on the 
burn up frac­
tion which is 
a function of 
confinement 
time 
Theoretically 
and experi­
mentally there 
are at least 
two viable al­
ternate heat­
ing methods 
compatible 
with existing 
technology, 
without any 
effect to 
plasma stabil­
ity 
Same as con­
ditions for 
"very good" 
except these 
methods are at 
least within 
the techno!ogi 
cal goal of 
the short term 
existing de­
velopment pro­
gram 
At least one 
straight for­
ward and easy 
access for re­
fueling tech­
nique that ap­
pears to be 
available 
without ad­
verse stabil­
ity effect 
Theoretically 
there is at 
least one re­
fueling tech­
nique which 
looks promis­
ing. There 
may be some 
other methods 
that need to 
be taken into 
consideration 
Theoretical ly 
and experimen­
tally there is 
one adequate 
method without 
adverse impact 
on plasma 
S t a b i l i t y  
Theoretically 
and/or exper­
imentally one 
heating tech­
nique appears 
to be viable. 
There is high 
probability 
that the heat­
ing technique 
will adversely 
affect stabil­
ity 
There is 
major plasma 
heating prob­
lem with the 
concept 
The study of 
refueling per 
se has not 
been attempted. 
However from 
related experi­
ment, refuel­
ing is ex­
pected to be 
no serious 
probl em 
The available 
refueling is 
plausible how­
ever, there 
is a possi­
bility that 
this refuel­
ing technique 
will affect 
stability or 
plasma trans­
port 
There is no 
technically 
feasible re­
fueling tech­
nique, and 
extensive ex­
trapolation of 
present meth­
ods of re­
fueling is 
needed 
Table 4.1. continued 
Attributes/ 
subattributes 
Definition Very good Good 
Guidelines for rating 
Fair Poor Very poor 
1.5 Impurities 
High Z impuri­
ties has im­
pact on plas­
ma character­
istics, such 
as stability 
and energy 
losses 
There are theo­
retically and 
experimentally 
viable methods 
of impurities 
control. Also 
the concept 
has more ac­
tive measure 
of impurities 
control 
The possibil­
ity of accumu­
lation of im­
purities in 
the main reac­
ting regions 
is very low, 
or the burn 
time is short. 
The system 
provides neces­
sary configura­
tion and equip­
ment to accom­
plish impurity 
control scheme 
but has not 
yet received 
significant 
attention 
There is high 
probability 
of accumula­
tion of im­
purities in 
main reacting 
regions or 
the burn time 
is too long to 
cause accumu­
lation of im­
purities 
There is 
serious prob­
lem with the 
impurity con­
trol which 
hasn't been 
resolved 
2. Technological feasibility 
The evaluation 
of technological 
feasibility 
is based on the 
state-of-the-art for 
reactor concepts 
2.1 Availability of technology 
Technological The state-of-
requirements 
for each con­
cept is based 
on important 
the-art of 
subsystems 
for the con­
cept can be 
Current tech­
nology may 
need some ex­
trapolation 
and it can be 
A modest ex­
trapolation 
from state-of-
the-art is re­
quired and it 
A major ex­
trapolation 
of present 
technology is 
needed. This 
The technology 
Is not ex­
pected to be 
available by 
35 years and 
subsystems and 
the effort 
required to 
develop such 
subsystems 
beyond the 
present state-
of-the-art 
used without 
any extrapola­
tion of tech­
nology and 
could be fabri­
cated now 
reasonably 
achieved with­
in 5 years 
without devel­
opment of new 
materials or 
crash programs 
2.2 System studies 
The fusion pow­
er undergoes a 
certain devel­
opment stage 
to achieve com­
mercial reac­
tor. The eval­
uation of sys­
tem study will 
be based on 
these steps to 
see at present 
how much and 
how well a con­
cept has been 
developed 
The concept 
has been de­
veloped to 
precommercial 
demonstration 
and relatively 
small funds 
needed to 
achieve com­
mercial power 
The concept is 
in the tech­
nology and 
engineering 
development 
state and 
precommercial 
demonstration 
reactor can be 
achieved with­
in 5 years 
can be achieved 
within 15 yrs. 
Also, it will 
need modest 
funds 
can be 
achieved with­
in 15-30 yrs 
without any 
crash program 
crash programs 
will be needed 
to initiate 
development 
of such tech­
nology 
The concept is 
in the explora­
tory develop­
ment stage and 
is being con­
sidered for 
p-o-p experi­
ments 
No detailed 
reactor de­
sign has been 
made, but 
rough calcula­
tions show 
that net 
power balance 
may be ob-
tainabl e 
The concept is 
in proposal 
stage and de­
tailed study 
has not been 
done 
Table 4.1. continued 
Attributes/ 
subattributes 
Definition Very good Good 
Guidelines for rating 
Fair Poor Very poor 
2.3 Availability of materials 
The material 
requirements 
for each con­
cept are high­
ly dependent 
on availa­
bility of re­
sources and 
design charac­
teristics. 
Material re­
quirements of 
concept will 
not cause im­
pact on re­
sources and 
also no need 
for special 
material de­
velopment 
The system de­
sign eases the 
requirements 
on the struc­
tural material 
regarding neu­
tron and radi­
ation damage. 
Also, there is 
little mater­
ial develop­
ment required 
There is no 
particularly 
serious mater­
ial require­
ment, but 
there have to 
be some ef­
forts and 
funds for 
material de­
velopment 
There is a 
serious mater­
ial problem, 
particularly 
the impact on 
resources is 
expected to 
be large 
The material 
requirements 
for the con­
cept can not 
be developed 
with present 
technology or 
the material 
needed for 
the concept is 
very limited 
3. Utility impact 
The utility im­
pacts of the con­
cept are those 
which directly 
affect the elec­
tric utility net­
work and facility 
related param­
eters which can 
strongly affect 
a concept's ac­
ceptability 
3.1 Capacity 
The physical 
size and cost 
of fusion reac­
tor depends in 
part on system 
power density 
The reactor 
power density 
is larger _ 
than , 
and its total 
electrical 
output is com­
patible with 
present util­
ity system 
network 
The reactor 
power density 
is between. 
1-2 mwth/m3, 
and it does 
not have major 
impact on 
present util­
ity grid 
system 
The concept 
is a steady 
state device 
and there is 
no pulsed 
fields and 
requires rela­
tively small 
and inexpen­
sive energy 
storage 
3.2 Required energy storage system 
The parameters 
which may af­
fect the ener­
gy storage re­
quirements in­
clude the 
plant size, 
pulse duration, 
and magnetic 
field and 
heating re­
quirements 
The concept 
requires no 
energy stor­
age system 
The reactor 
power density 
is between 
0.4-lmwth/m3 
The reactor 
power density 
is between 
0.1-0.4 
The reactor 
power density 
is lower than 
0 . 1  
The concept 
requires rela­
tively small 
(-300 MJ) 
energy storage 
The concept 
requires 
pulsed power 
and needs 
slow startup; 
thus, large 
(-10 GJ) 
energy stor­
age is re­
quired 
The concept 
requires cost­
ly and large 
energy stor­
age. Also, 
technological 
feasibility 
of the 
storage sys­
tem is 
questionable 
Table 4.1. continued 
Attributes/ 
subattributes 
Definition Very good 
Guidelines for rating 
Good Fair Poor Very poor 
3.3 Reliability 
Component 
failures and 
complexity of 
systems are 
major elements 
in the evalua­
tion of relia­
bility of con­
cepts 
3.4 Availability 
The concept is 
a steady-state 
simple with no 
moving parts 
Availability is 
the fraction of 
time a unit is 
capable of pro­
ducing power. 
Replacement of 
first wall is 
the major 
planned outage; 
thus, availa­
bility can be 
judged crudely 
based on first 
wall, reactor ge­
ometry and ease of 
changing first wall 
The concept is The concept is 
a steady-state simple.pulsed, 
and relatively with few mov-
simple with few ing parts 
moving parts 
The reactor is 
short linear 
system and 
modular. The 
first wall 
life-time is 
very long and 
the reactor 
geometry al­
lows ease of 
repair 
The first 
wall has 
reasonably 
long life 
time (--6 yrs.) 
Also, modular 
geometry al­
lows ease of 
repair 
The first 
wall life is 
average com­
pared with 
that of other 
concepts. 
The systaii 
geometry is 
modular but 
weighty 
The concept 
involves a 
large pulsed 
field with 
short bursts 
and is com­
plex with 
many moving 
parts 
The concept 
has small 
aspect ratio 
torus, and/or 
relatively 
short wall 
life due to 
high wall 
loading 
The concept is 
a pulsed type 
which involves 
complicated 
components and 
many moving 
parts. Also, 
many relia­
bility related 
areas are not 
known 
There are seri­
ous problems 
with first 
wall due to 
very high wall 
loading 
coupled with 
a complicated 
geometry 
3.5 Maintainability 
Maintenance of 
systems and 
components of 
fusion con­
cepts is chal­
lenging and 
expensive. The 
basis for 
evaluation 
will be acces­
sibility, com­
ponent size 
and weight, and 
clearances 
The mainten­
ance can be 
done with good 
access to con­
nectors, visi­
bility, small 
component 
sizes and 
weights, low 
environmental 
stresses, and 
in a short 
time period 
3.6 Recirculating power 
The average 
recirculating 
power fraction 
defined as a 
, . r # -net rec 
where f is recir­
culating power 
fraction, Pj,çç 
is recirculating 
electric power, 
and Pnet is the 
net output of 
electric power. 
The large values of 
f are undesirable 
The system 
geometry is 
modular but 
weighty. How­
ever, there 
is good ac­
cessibility, 
large clear­
ances, and 
low environ­
mental stress 
The concept is 
expected to 
have a recir­
culating power 
factor of less 
than 0.1 
The concept is 
expected to 
have a recir­
culating power 
factor between 
0,1 and 0.3 
The concept 
has average 
aspect ratio 
compared to 
that of other 
concepts. 
Also, it is 
simple and 
modular, with­
out any en­
vironmental 
stress 
The concept 
has good ac-
cessability 
and simple 
with small 
component 
sizes and 
weights. But 
the environ­
mental stress 
is very high 
The spect 
ratio of the 
concept is 
very small, 
which causes 
major prob-
1 ems for re­
pair. Also, 
there may be 
other problems 
such as modu­
larity, and ac-
cessi bility 
The concept is 
expected to 
have a recir­
culating power 
factor between 
0.3 and 0.6 
The concept is 
expected to 
have a recir­
culating power 
factor between 
0.6 and 0.8 
The concept is 
expected to 
have a recir­
culating power 
factor between 
0.8 and 1.0 
Table 4.1. continued 
Attributes/ 
subattributes 
Definition Very good Good 
Guidelines for rating 
Fair Poor Very poor 
3.7 Safety and environmental impact 
The potential 
hazards of fu­
sion concept 
may be due to 
tritium hazard, 
material 
activation, 
magnetic field 
and thermal 
polution 
The system uses 
an advanced 
fuel that 
yields very 
low radio­
activity and 
produces very 
low thermal 
polution 
The system 
uses D-T fuel 
cycle. How­
ever, it has 
relatively 
low tritium 
inventory, 
and low 
activation 
of permanent 
structural 
components 
The radiation 
releases to 
environment, 
from radio­
nuclides pres­
ent in the 
reactor and 
activation 
product are 
compatible 
with LMFBR 
reactors 
The system has 
large tritium 
inventories, a 
great amount 
of neutron in­
duced radioac­
tivity and 
relatively 
high thermal 
polution im­
pact 
The system has 
large physical 
size and/or 
very high 
thermal pollu­
tion. In 
addition there 
may be tritium 
control or 
activation 
material 
probl ems 
3.8 Economics 
The economics 
of alternative 
concept are 
evaluated based 
on capital, op­
erating, and 
developmental 
costs. These 
include the 
reactor size, 
auxiliary sys­
tem require­
ments, costs 
associated with 
planned and un­
planned out­
ages and de­
velopmental 
costs 
The concept 
has simple, 
modular, long 
lived compo­
nents, and 
inexpensive 
auxiliary sys­
tems 
The system's 
operating, 
capital, and 
development 
are competi­
tive with 
LMFBR 
The system's 
capital and 
development 
cost is high­
er than those 
with LMFBR, 
but the oper­
ating cost 
is much lower 
The capital, 
operating, 
and develop­
ment cost of 
concept is 
much higher 
than those 
with LMFBR 
The capital 
and operating 
cost of con­
cept is very 
high 
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j = very good = {(0.8,0.0), (0.875,0.5), (0.95,1.0), (0.975,0.5), 
(1 .0 ,0 )}  .  
R.. = good = {(0.6,0.5), (0.8,1.0), (0.9,0.5), (1.0,0.0)} . 
R^j = fair = {(0.4,0.0), (0.5,0.5), (0.6,1.0), (0.7,0.5), 
(0 .8 ,0 ) }  .  
Rjj = poor = {(0,0), (0.1,0.5), (0.2,1.0), (0.3,0.5), (0.4,0)} . 
R^-j = very poor = {(0,0), (0.025,0.5), (0.05,1.0), (0.15, 0.5), 
( 0 . 2 , 0 ) }  .  
These ratings can be given by membership functions which are shown in 
Figure 4.2. 
4.4 Criteria weights 
Since not all attributes or subattributes carry the same weight in 
the evaluation process, it is important to assign a weight for each attri­
bute and subattri bute to identify those which are more important than the 
others. This is especially because the alternatives are associated with a 
wide variety of attributes and subattributes. Thus, verbal weights are 
used to indicate the relative importance between attributes and subattri­
butes. The prioritization of the attributes or subattributes will depend 
on those criteria which are important in achieving the breakeven condition. 
These weights may be represented by the fuzzy set Wj. 
Wj = {(Wj, (Wj))} j = 1,2,...,n. (4.2) 
Wj = very important = {(0.8,0), (0.875,0.5), (0.95,1.0), 
(0.975,0.5), (1.0,)} . 
Wj = important = {(0.6,0), (0.7,0.5), (0.8,1), (0.9,0.5), 
(1 .0 ,0 .0 ) }  .  
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1 . 0  
0.8 
0.6 
r 
0.4 
0 . 2  
"Very good" 
1 . 0  
0,8 
0.6 
0.4 
0 . 2  
^ "Good" 
0.2 0.4 0.6 0.8 1.0 
r 
"Fair to good" 
0.2 0.4 0.6 0.8 1.0 
r 
'Poor" 
1 . 0  
0.8 
0 .6  
r 
0.4 
0 . 2  
0 .2  0 .4  0 .6  0 .8  1 .0  
r 
"Fair" 
0.2 0.4 0.6 0.8 1.0 
r 
"Very poor" 
0.2 0.4 0.6 0.8 1.0 
r 
Figure 4.2. Membership functions of ratings 
0.2 0.4 0.6 0.8 1.0 
r 
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Wj = moderately important = {(0.3,0), (0.4,0.5), (0.5,1.0), (0.6,0.5), 
(0.7,0.0)} . 
Wj = rather unimportant = {(0.0,0.0), (0.1,0.5), (0.2,1), (0.3,0.5), 
(0.4,0.0)} . 
Wj = very unimportant = {(0.0,0.0), (0.025,0.5), (0.05,1.0), 
(0.15,0.5), (0.2,0.0)} . 
Also, these weights can be given by membership functions which are 
Presented in Figure 4.3. 
4.5 Evaluation of alternate concepts 
Each alternative fusion concept is rated verbally with respect to each 
subattribute alone independently of all other alternatives. The rating 
consists of selection of appropriate measure for each subattribute. The 
rating is done by an individual (researcher) based upon careful research 
and analysis. Then, the rating of the attributes can be obtained from 
final ratings of each alternate concept for every attribute which is ob­
tained using ratings and weights for subattributes. 
It is important to note that the evaluation of alternate concepts was 
done at one point in time. It is obvious that new physics and technology 
breakthroughs or new design could significantly change the evaluation for 
any concept. However, the computer code, MAFDA, which is developed here, 
is modular and ratings are adaptable to any time frame. The weights and 
number of attributes and subattributes can be modified to reflect changes 
in the state of technology. 
The results of the concept study and evaluation are given below, in­
cluding verbal rating of subattributes. 
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1.0 
0.8 
0 . 6  
<1 
0.4 
0 . 2  
w 
. "Very Important" 
1 . 0  
0.8 
0 . 6 -
w 
0 .2  0 .4  0 .6  0 .8  1 .0  
w 
0.4 
0.2  
"Important" 
0.2 0.4 0.6 0.8 1.0 
w 
"Moderately 
"Rather unimportant" 
0.2 0.4 ^0.6 0.8 1.0 
I I L. 
0.2 0.4 0.6 0.8 1.0 
w 
"Very unimportant" 
-i 1 ' 
0.2 0.4 0.6 0.8 1.0 
w 
Figure 4.3, Membership functions of criteria weights 
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The evaluating and rating of EBT and RFP reactor concepts are mainly 
based on the available research reports, and results of evaluation and 
rating of DOE on these and many other concepts which are presented in 
Appendix C. Then the evaluation of TMR has been done by available research 
reports and their comparison with the EBT, and RFP reactors, and checking 
with the evaluation of DOE for the similar reactor concept. Also, in 
order to be consistent in the rating, the guide line presented in Table 
4.1 was used as a yard stick. 
4.5.1 Elmo Bumpy Torus The Elmo Bumpy Torus (EBT) is a toroidal, 
steady state magnetic confinement concept. This concept is a hybrid be­
tween features of both mirrors and tokamaks, where it is basically a chain 
of magnetic mirror sections bent around into a torus to eliminate the 
end losses problems of mirror devices. Also, EBT is regarded as a toroidal 
system with no toroidal current. The magnetohydrodynamic (MHD) instabil­
ity of the EBT can be overcome by using the minimum-'B' properties of 
annular high-beta, hot electron plasmas formed by microwave heating in 
open ended magnetic traps (27). 
Figure 4.4 shows a toroidal of 24 magnetic-mirror segments in series 
which are expected to provide steady state confinement of toroidal passing 
particles and of particles trapped in the mirror sectors (6). 
The EBT experimental program appears to have many features appropri­
ate for a commercially viable fusion reactor system. These include high 
plasma purity, absence of parallel currents, a large aspect ratio, the 
modular nature of individual sectors, no interlinking coils, ease of main­
tenance, economic potential, and a self-cleaning system with no tendency 
Figure 4.4. Elmo Bumpy Torus (6) 
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to accumulate high Z material on axis. The EBT also has a natural bundle 
divertor (28, 29). 
4.5.1.1 Assessment of physics parameters 
4.5.1.1.1 Confinement Fair - The diffusion rates have 
been computed for the EBT and particle confinement time of 10-30 msec is 
found. This is in rough agreement with an experimental value of about 5 
n 
msec and nx of 10 sec cm' (30,31). Since confinement time increases 
with ion temperature, large electric fields are necessary to achieve 
collisionless behavior. Lack of detailed local measurements prevents 
unambiguous interpretation of present results in terms of classical trans­
port (5). 
4.5.1.1.2 Stability Fair - Self dug magnetic well is 
expected to stabilize the interchange instability which is common for 
simple mirrors if the ring beta exceeds about 15% (5). The edge of the 
annulus, which lies outside the well is apparently stabilized by line tying 
to the conducting walls. A pressure driven ballooning instability at 
high beta is possible, for which a delicate stabilization mechanism ex­
ists, but an accurate theoretical treatment has not yet been completed. 
For hot electron beta's above 15%, a minimum ÏÏ configuration is set up, 
and MHO stability is achieved both in theory and in experiment (5). 
Progress to date indicates that the annuli are stable, even without line 
tying, if the electron drift frequency exceeds the ion cyclotron fre­
quency. The purpose of the annuli is that broad scale instabilities do 
not disrupt the plasma confinement (5, 6). 
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4.5.1.1.3 Heating Good - The microwave and neutron 
beam injection heating have been considered for the toroidal plasma. Both 
options are viable within existing technology or within technology goals 
of near term existing development programs (27). 
4.5.1.1.4 Refueling Fair - Fueling is required for 
operation in steady state. The refueling information relies upon other 
programs. The refueling problems with EBT are shared with other long burns 
such as Tokamak (6). 
4.5.1.1.5 Impurities Poor - There is a possibility 
that ash and impurity control would represent a problem. The technology 
in this case needs improvement, but to a lesser extent than improvements 
for low aspect ratio devices such as Tokamak. However, it is assumed 
that impurities will not accumulate in the main reacting region (8, 27), 
4.5.1.2 Technological feasibility 
4.5.1.2.1 Availability of technology Good - The micro­
wave generators and control and transmission equipments require some ex­
trapolation of present technology (5). The problem is recognized and is 
considered to be difficult, but solutions are possible. The first wall 
and superconducting magnet problems require some development, but to a 
lesser extent than the required development for low aspect ratio devices 
such as Tokamaks (29). Also, based on DOE rating (Appendix C), the rating 
is higher than an average reactor concepts. 
4.5.1.2.2 Systems studies Good - The EBT device has 
received good support from ERDA and DOE. The progress has been consider­
able. There are several important programmatic considerations associated 
with initiation of an EBT P-O-P experiment. These experiments include 
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the EBT-I, EBT-II, EBT-S, and EBT-T experiments in the U. S. and the 
bumpy racetrak device at Nagoya, Japan. A systematic research program 
exists for both the torus and the microwave sources (8, 30). 
4.5.1.2.3 Availability of materials Fair - The EBT 
blanket conceptual designs use stainless steel structure, natural lithium 
for breeding, and molten salt for cooling. Thus, the EBT has no particu­
larly serious materials requirement (5, 31). 
4.5.1.3 Utility impact 
4.5.1.3.1 Capacity Very good - The EBT reactor con­
ceptual designs estimate a power density of 3.8 ^ (27, 31). However, 
m 
some reports show scaling laws of smaller unit sizes (less than 750 MW^) 
(32) and capacities comparable to those for Tokamaks (total fusion power 
of 1000-2000 MWg) (33). 
4.5.1.3.2 Required energy storage system Very good -
Since EBT is a steady state system and there are no pulsed fields, there 
is also no need for a costly energy storage system exceeding those re­
quired for Tokamaks (6). 
4.5.1.3.3 Reliability Very good - The EBT reactor has 
steady state operation and unlike the pulsed system, it does not have the 
fatigue problems. Also, due to technological simplicity, it is expected 
to have high reliability (6, 34). 
4.5.1.3.4 Availability Good - EBT reactor has a high 
aspect ratio torus, modular construction, and a low wall loading (1.5 
MW/m ) (33). Shutdowns for first wall replacement are major contributors 
to the unavailability. Thus, it is expected to have good availability. 
The first wall lifetime of 6 years has been estimated (27, 35). 
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4.5.1.3.5 Maintainability Good - Maintenance of EBT is 
probably enhanced by the long, thin nature of the containment vessel. 
The success of EBT reactor is expected to lead to accessibility due to 
large aspect ratio, the modularity of individual sectors, no interlinking 
coils, no magnetic field pulses, and considerable ease of remote main­
tenance when compared to Tokamaks (6, 31). 
4.5.1.3.6 Recirculating power Very good - The EBT 
has lower requirements for auxiliary heating power. The recirculating 
power fraction for EBT reactor was estimated to be less than 0.1 (27). 
The low recirculating power is due to steady state operation and because 
it is an ignited system. 
4.5.1.3.7 Safety and environmental impact Fair - The 
EBT reactor is expected to have lower tritium inventory compared to the 
Tokamak and low activation products due to relatively lower average wall 
p 
loading of 1.5 MW/m (31). Also, according to DOE rating (Appendix C) 
and average rating is assigned for EBT reactor on safety and environmental 
impact. 
4.5.1.3.8 Economics Good - The relatively low costs 
reflect the simplicity of the basic EBT concept. In particular, the modu­
lar nature of the individual blanket, and steady state operation. In com­
paring the EBTR cost estimate to the 2000 MW^ Tokamak reactor, the cost 
saving of the EBTR over the Tokamak is considerable due to the absence of 
poloidal field coil, driving system and pulsed operation (5). 
There are systematic research programs for EBT, and the progress in 
development of EBT is promising. The engineering development needed for 
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this program is not too far from present technology. Thus, the develop­
ment cost will be moderate (30). 
4.5.2 Reversed field pinch Reversed field pinch reactor (RFPR) is 
a magnetic axisymmetric confinement, toroidal, and long pulsed system. 
Similar to Tokamak reactor, it is based on a combination of toroidal, 
B,, and poloidal, B„, magnetic fields. The poloidal field, B., is created y v y 
by inducing through transformer action a large toroidal current I^, within 
the plasma column, the toroidal field, B^, created from the current flow­
ing in external coils. However, the RFP reactor differs from the Tokamak 
in that the externally applied toroidal field, B^, is considerably lower 
and reverses in direction near the plasma edge to provide a region of high 
magnetic shear, desirable for good confinement, and localized MHO stabili­
ty (36). Figure 4.5 schematically depicts comparison of magnetic field 
and pressure profiles across the plasma minor radius for both RFPR and 
Tokamak. 
In order for the Tokamak to avoid the kink instability, there are 
specific requirements on the safety factor, q, which need to be greater 
than one, the safety factor depends on B^, Bg, the plasma radius, r^, and 
the major radius of the torus, R. This is defined as (36): 
r /R 
The requirements for Tokamak imply a small aspect ratio R/rp and a 
small B./B. ratio. This creates problems of small g because the plasma 
u 9 
pressure is essentially held by the B. field which limits L and makes 8 9 
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Figure 4.5. Comparison of magnetic field and pressure profiles for RFPR 
and Tokamak (36) 
significant plasma heating by ohmic heating alone impossible. Also, Toka-
maks have small aspect ratio, and utilize the highest possible toroidal 
fields, thus, relatively large magnetic energy storage systems are re­
quired (36, 37). 
The RFP reactor, on the other hand, requires q less than one and 
satisfies the stability condition by dq/dr f 0, that is, the variation of 
60 
the plasma field shear should not exhibit a minimum in the region enclosed 
by the conducting shell (8, 36). Thus, RFP reactors are expected to have 
certain features such as high beta operation, no superconducting coils 
needed, highest ohmic heating rates, arbitrary aspect ratio, low plasma 
density and magnetic field at the walls, no refueling during the burn, 
no need for divertors, better accessibility, and low probability of dis­
ruption. However, there are some offsetting disadvantages: a single 
heating method with no viable backups at this time, the requirement of an 
efficient energy transfer system, and the need for feedback control during 
startup (36). 
4.5.2.1 Assessment of physics parameters 
4.5.2.1.1 Confinement Good - For a RFP reactor concept 
confined by poloidal field, B„, both theory and experiment predict con-
u 
2 finement to be limited by diffusion with its resultant a (minor radius) 
scaling (6). The plasma is compressed and ohmically heated to ignition. 
Then, plasma burn proceeds for filling pressures and fuel temperature 
rises as the burn proceeds. The g is kept under 0.5 after subsequent 
expansion of the plasma almost to the wall. The plasma temperature con­
trolled by injection of cold fuel or impurities, but the alpha heating 
power must be balanced by losses to the first wall in order to maintain a 
constant plasma temperature. Since alpha-heating power is many times 
that of the Bresstrahlung radiation at =20KeV, the surface heat flux to 
the wall would be correspondingly increased. However, there are limita­
tions due to thermal wall loading (36). 
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4.5.2.1.2 Stability Good - Stability of RFP reactor is 
provided by a conducting shell position near the plasma. Therefore, the 
MHO stability is predicted due to wall and shear stabilization; this has 
been demonstrated theoretically (37). Also, existence of axisymmetric 
toroidal equilibria has been demonstrated in many experiments (36, 37). 
4.5.2.1.3 Heating Fair - Ohmic heating method for the 
RFP reactor is well-understood theoretically and experimentally. There 
is no other viable backup heating system at this point except other pos­
sible candidates whose effect on charged particle transport is unknown. 
These techniques include fast compression heating, neutral beam injection, 
ion acoustic heating, and rf heating (37). 
4.5.2.1.4 Refueling Very good - Due to the pulsed 
nature of the reactor, refueling during burn is not needed (batch burn), 
which eases refueling and ash removal. Fueling between burns involves 
straightforward puffing and vacuum techniques (38). 
4.5.2.1.5 Impurities Fair - RFP reactor is a batch 
burn (unrefueled) and pulsed, the burn time can be relatively short. If 
the initial plasma is clean, it can be expected to ignite and burn before 
the influx of impurities present a major problem. Also, RFP can avoid the 
problem of impurity release by wall bombardment due to large plasma and 
current densities at the walls or limiters (39). 
4.5.2.2 Technological feasibility 
4.5.2.2.1 Availability of technology Fair - The im­
portant technological development needs for RFPR appear to be associated 
with the design of the first wall blanket, pulsed superconducting magnets. 
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and energy transfer storage systems (37). Also, according to DOE ratings 
(Appendix C), an average rating is assigned. 
4.5.2.2.2 Systems studies Good - There are existing 
RFP research programs and small devices in Japan, the U. K., Italy, and 
the U. S. The U. K. and the U. S. are fabricating moderate sized de­
vices, namely HBTX-IA (0.4MA) at Culham, U. K., and ZT-S, and ZT-40 
(0.6MA) at Los Alamos Scientific Laboratory (38). The purpose of ZT-S is 
to investigate plasma containment and heating in the toroidal RFP. The 
ZT-40 is built to investigate the properties of the MHO stable toroidal 
RFP confinement scheme. The objective is to determine the physics of the 
formation, heating and transport needed to design future scaled up experi­
ments leading to fusion reactor goal (38). 
4.5.2.2.3 Availability of material Fair - The first 
wall and blanket structure consists of a water cooled copper and stainless 
structure with tritium breeding occurring in granular LigO bead. Detailed 
assessment of material problems has not been done for the RFP reactor, 
however, the major concern associated with the structural integrity ap­
pears to be a major material problem (39). 
4.5.2.3 Utility impact 
4.5.2.3.1 Capacity Good - The RFP reactor conceptual 
designs estimate a capacity of ~ 1 MW^^/m (36). In principle, the RFP re­
actor, like other field reversed configurations, is a good candidate for 
a small, relatively low capital cost demonstration reactor. However, 
there are other conceptual designs study for larger plants like 2000 
(39). A plant in the 100 MW^ range was selected as the target to achieve 
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a device that is small enough to have relatively low capital cost, but is 
still large enough to produce a useful amount of power. 
4.5.2.3.2 Required energy storage Fair - RFP reactor, 
like any other pulsed power, requires high power level and efficient 
energy storage to drive slow start up. This may be very expensive, but 
conventional technology could be used (39). 
4.5.2.3.3 Reliability Fair - The use of solid state 
switching and large homopolar machines can result in a reliable energy 
system. However, the pulsed nature of the design is reflected in the rat­
ing insofar as pulsed thermal loading of structural material (first wall 
and blanket) is concerned (6). 
4.5.2.3.4 Availability Poor - RFP reactor is expected 
2 to have a wall loading of ~2.7 Ml//m which results in a wall lifetime of 
approximately 5 years (6, 36). The first wall replacement is considered 
to be easy relative to Tokamak because of envisaged modular construction 
and room temperature coils. However, the aspect ratio is limited, which 
may cause some inconvenience during maintenance (6). 
4.5.2.3.5 Maintainability Good - The toroidal aspect 
ratio can be made sufficiently large to approximate a linear geometry and 
allow the use of nearly cylindrical blanket modules; this problem of 
accessibility can be considerably reduced (37). Furthermore, if the 
primary plasma confinement system can be combined with the major plasma 
heating scheme, large and complex appendages can be eliminated from the 
torus, and the reactor system becomes even less complicated (36). 
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4.5.2.3.6 Recirculating power Good - A recirculating 
power fraction of 0.17 has been estimated (36). 
4.5.2.3.7 Safety and environmental impact Fair - Ther 
is no special safety and environmental impact studying being done on RFP 
reactor concept; however an average rating is assigned for it according to 
DOE rating (Appendix C). 
4.5.2.3.8 Economics Fair - The RFP reactor is expected 
to have power density of ~ 1 The capital costs of RFPR seems to 
be greater than the reactors with slow pulsed mode operation (36). The 
size of the total energy storage system for RFPR is comparable to the 
Tokamak ohmic heating power supply. The average wall loading would give 
moderate costs (6). The requirement to ignite the reactor by ohmic heat­
ing alone removes the economic advantage of large reactors, and is con­
sistent with the initial choice of small unit size (29). 
4.5.3 Tanden mirror The early mirror was subject to MHO in­
stability and was replaced by the minimum-B mirror, now called the stan­
dard mirror, which is shov/n in Figure 4.6. Where a minimum-B magnetic 
field is produced from the center by a pair of solenoids and loffe bars, 
by a baseball coil, or by a Yin-Yang coil increases the field strength in 
all directions and ensures gross MHD stability for the plasma. However, 
end losses from a standard mirror severely limit its plasma Q (ratio of 
fusion power output-to-recirculated power). Thus, two Q enhanced mirror 
configurations are now being investigated (40). 
The search for enhanced Q mirror machines has thus led to work on two 
new concepts: the field reversed mirror and the tandem mirror (31). 
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Figure 4.6. The evolution of mirror fusion concepts (40). 
In a field reversed mirror, plasma is confined in a toroidal region 
of closed field lines generated by diamagnetic plasma currents in a nearly 
uniform background field. So far, efforts to produce field reversal 
facility by neutral beam injection have not succeeded, although they have 
come very close (31). 
The tandem mirror reactor (TMR) has been selected for detailed study 
because the tandem mirror experiment, TMX, is to be a proof-of-principle 
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demonstration of the mirror concept. The initial TMX experiment has 
three fundamental objectives (31): 
1. to demonstrate the establishment and maintenance of a potential 
well between two mirror plasma; 
2. to generate a high B plasma in both end plugs and the solenoid; 
3. to maintain microstability of the plug-solenoid combination. 
Tandem mirror reactor (TMR) is magnetic confinement, linear, steady 
state concept with a minimum B mirror cell placed at each end of a sole-
noidal cell in such a way that all three cells have a coimon axis as seen 
in Figure 4.6. Confinement in the solenoidal cell is enhanced by means 
of electrostatic stoppers provided by the plasma potential of the small 
end plug plasmas. Figure 4.7 shows a principle of a tandem mirror reactor. 
The deuterium and tritium fuel ions (D^, T^) are magnetically confined by 
the electrostatic stoppering of the end plasmas in the center of the reac­
tor. The fuel ions that fuse produce energetic neutrons and alpha par­
ticles The neutrons enter the energy absorbing lithium blanket 
and react to produce tritium makeup fuel for the reactor. Only the sole­
noid region contains a neutron absorbing blanket. The solenoid region 
length can be made appropriate to the desired total generating capacity. 
The thermal energy deposited in the blanket is removed by the primary cool­
ant (helium gas). The coolant passes through a steam generator, and is 
used to produce electricity. Also, the energy of charged particles (un-
burned and T^ as well as ^He^) that leak out the ends is recovered 
thermally or by direct energy converters. The end losses sustained by the 
continuous injection of high energy neutral beam of deuterium D° into 
each plug. The central cell is fueled (but not heated) by low energy 
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neutral beams of deuterium and tritium. Plasma leakage from the end cells 
and solenoid is guided magnetically into end expander tanks, where direct 
conversion by set of grids resembling a triode vacuum tube is accomplished 
(40). 
Hot Steam out Water 
Hot gas 
Compressor Cool gas 
Mirror magnet 
If nergy abwr i l l  I  M  
Magnet shield 
Some ions Solenoid magner 
Magnetic field lines 
Figure 4.7. Principles of a Tandem mirror fusion reactor (40) 
4.5.3.1 Assessment of physics 
4.5.3.1.1 Confinement Good - In TMR confinement of 
plasma, ions of a magnetized central cell are confined axially (or plugged) 
by the electrostatic potentials of end-plug mirror plasma that were more 
dense than the plasma in the center cell, the creation of a potential 
n 
difference * requires a plug to control cell density ratio ^ and axially 
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uniform electron temperature to provide a potential well 
•c = • (4-4) 
n 
The variation of and the density ratio ^ varies only logarithm­
ically, whereas the ratio of center cell fusion power density to the injec-
n 2 
tion power density required to maintain the plugs varies as (—) • In­
creasing Tg by auxiliary heating of the center cell electrons improves the 
situation somewhat, but at the expense of raising the electron pressure 
above the ion pressure in the central cell, which then causes a decrease 
in the fusion power density for fixed total pressure. 
The conceptual TMR requirements for technological feasibility are, 
^ =10^^, Tg = 40 KeV, and nT = 2.5 x 10^S-cm"^(41, 42, 43). 
A new concept called thermal barriers promises to improve the TMR 
performance by exploiting a great temperature difference T^^ - T^^ made 
possible by reducing the plug density even below the center cell densi­
ty. In using electron cyclotron resonant heating (ECRH), during TMR oper-
ation of thermal barriers, T^ = 200 KeV and n^ = 2.2 x 10 cm" have been 
obtained (40). 
4.5.3.1.2 Stability Fair - Although the MHD stability 
has been ensured for minimum mirrors, the gross stability is not guaranteed. 
This is due to the fact that the solenoid is slightly unstable and is 
coupled to the stable end plug magnetic wells with a transition magnetic 
field that is unstable by itself (43). 
4.5.3.1.3 Heating Good - TMR requires electrons heating 
in the plug to increase the ambipolar potential for confining the central 
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cell ions. The available plasma heating techniques are neutral beam in­
jection, electron beam heating, and radio frequency (rf) heating. Also 
the heating requirement can be reduced in developed TMR such as thermal 
barrier, because the thermal barrier makes it possible to heat the plug 
plasma without also heating the large central cell (40). 
4.5.3.1.4 Refueling Good - Fueling is needed for TMR, 
and is provided by a high energy neutral beam of D° injected into each 
plug to maintain dense mirror plasma in the cells. The central cell is 
also fueled, but not heated, by low energy neutral beam of deuterium and 
tritium, which replace the ions lost from the central solenoid (43). 
4.5.3.1.5 Impurities Fair - Impurity problem could lead 
to pulsed operation to purge impurities, including the alpha particles 
resulting from D-T fusion (43). However, there have been no detail su 
studies on impurities and it is expected that in general, mirror systems 
allow impurity escape without a diverter. Thus, impurities represent 
less of a problem in mirrors (6). 
4.5.3.2 Technological feasibility 
4.5.3.2.1 Availability of technology Good - The tech­
nology required to build the central solenoid and energy conversion blanket 
is very modest; but the end plugs require powerful magnetic fields and 
very high voltage neutral beam injection (44). The technological require­
ment for mirror system is rated above average on DOE rating (Appendix C). 
4.5.3.2.2 System studies Good - A proof-of-principle 
evaluation of the concept will be provided by TMX and mirror fusion test 
facility (MFTF) supported by DOE in Lawrence Livermore Laboratory (30, 6). 
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4.5.3.2.3 Availability of material Fair - There are no 
special requirements peculiar to this concept (40), and its material re­
quirement is expected to be similar to EBT or RFP reactors. 
4.5.3.3 Utility impact 
4.5.3.3.1 Capacity Very good - The original TMR is 
estimated to have a total net electrical production capacity of 1000 MW^ 
3 
with plasma fusion power density of 5MW/m (45), whereas an improved tan­
dem mirror can be as small in size as 750 MW^ (42) and 500 MW^ for the 
TMR's with the thermal barrier (43). 
4.5.3.3.2 Required energy storage Good - TMR is predi­
cated upon steady-state operation which has no unusual requirement for 
energy storage (43). Also, according to DOE rating (Appendix C) mirror 
systems energy storage requirment is rated above RFP and below EBT reac­
tors. 
4.5.3.3.3 Reliability Very good - The TMR is steady 
state, simple, modular system, and it has simple technological requirements; 
thus, it appears to have high reliability (44). 
4.5.3.3.4 Availability Poor - The TMR blanket and 
shield has simple geometry of a straight cylindrical annulus. Preliminary 
results indicate that best reactor economics will probably be at a first 
p 
wall neutron power loading between 2 and 4 MW/m (42, 45). 
4.5.3.3.5 Maintainability Very good - The TMR concept 
has simple geometry and modularity. The simplicity of the basic cylin­
drical geometry allows easy blanket replacement and use of remote servic­
ing machines that require no advanced technology. There have been studies 
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to improve central cell design to achieve much simpler and more easily 
built parts, reliable, remote servicing by simple motion with simple tools, 
inexpensive to build, operate, and maintain (44, 47, 48). 
4.5.3.3.6 Recirculating power Fair - Preliminary 
studies indicate a recirculating power between =*0.25 and 0.43 for TMR 
concept (45, 46). 
4.5.3.3.7 Safety and environmental Fair - Due to 
possible direct electric conversion and TM hybrid reactor design study, 
it is expected that TMR will have much less safety and environmental im­
pact (44). However, an average rating is given for mirror system based 
on DOE rating (Appendix C). 
4.5.3.3.8 Economics Good - The first TMR design study 
had estimated fabrication costs for the central cell of 3 million dollars/m 
of length, where new design study shows 1.72 million dollars/m (43). Due 
to the simplicity of the concept and less technological development re­
quirements, it appears that only modest development funds are needed for 
the TMR concept (38). 
4.6 Analysis 
The evaluation of alternate concepts is provided by using the infor­
mation that has been examined and by the specially developed computer 
program MAFDA. The results have been presented in this section by in­
dividual subattributes for the total of three subattributes. Then, the 
overall ranking of the concepts are evaluated. 
The criteria weighing and rating of different concepts are given in 
Table 4.2. 
Table 4.2. Verbal weights and ratings for alternate fusion concepts 
Attributes/subattributes Weights Rating of alternatives — 
EBTR RFPR TMR 
Assessment of physics Very important -  —  - -  -  - —  —  -
1.1 Confinement Very important Fair Good Good 
1.2 Stability Very important Fair Good Fair 
1.3 Heating Important Good Fair Good 
1.4 Refueling Moderately important Fair Very good Good 
1.5 Impurities Moderately important Poor Fair Fair 
Technological feasibility Important -  -  - -  - -
2.1 Availability of technology Important Good Fair Good 
2.2 System studies Moderately important Good Good Good 
2.3 Availability of materials Important Fair Fair Fair 
utility impact Important - - - -  -  - -  -  -
3.1 Capacity Very important Very good Good Very good 
3.2 Required energy storage Important Very good Fair Good 
3.3 Reliability Important Very good Fair Very good 
3.4 Availability Important Good Poor Poor 
3.5 Maintainabil ity Moderately important Good Good Very good 
3.6 Recirculating power Very important Very good Good Fair 
3.7 Safety and environment impact Moderately important Fair Fair Fair 
3.8 Economics Moderately important Good Fair Good 
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The final results for the assessment of physics attributes are de­
picted by the membership functions in Figure 4.8. Then, the ranking and 
final rating of each alternative, and membership function of the optimal 
alternative relative to other alternatives at the subattribute level as­
sessment of physics are presented in Tables 4.3, 4.4, and 4.5, respectively. 
Maximizing Set, M 
RFP 
0.8 
EBT 
0 .6  
0.4 
0 . 2  
0.8  1 . 0  0.4 0.6 0 .2  
R 
Figure 4.8. Final rating for assessment of physics attributes 
Table 4.3. Ranking of concepts for assessment of physics attribute 
i Concept Ranking 
1 EBTR 3 
2 RFPR 1 
3 TMR 2 
Table 4.4. Final rating of each concept for assessment of physics 
attribute 
i Concept lio(i) 
1 EBTR 0.716 
2 RFPR 0.829 
3 TMR 0.804 
Table 4.5. The membership of RFPR with the other alternate concepts 
for assessment of physics attribute 
i Concept Pjd) 
1 EBTR 0.700 
2 RFPR 1.00 
3 TMR 0.929 
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The RFP reactor ranked first relative to these subattributes. Its 
principal strength resulted from high confidence in refueling due to batch 
burn operation. 
The TM reactor ranked low, second, due to impurity problem and low 
confidence in gross stability. 
Finally, the EBT system ranked last, third, as a result of low rating 
of impurity control, confinement, and stability. 
In order to see the preferability of confidence in physics character­
istics of RFP reactor concept over the other concepts, the preferability 
analysis is done and the results from MAFDA are depicted in Figure 4.9, 
where, from this figure and from results in Table 4.4, it can be concluded 
that there is only moderate preferability of RFPR over the others for 
the assessment of physics attribute. 
Figure 4.10 shows the membership function of final rating for concepts 
at the technological feasibility attribute level. In addition, the rank­
ing and final rating of each of the concepts, and membership function of 
most preferred concepts with the other concepts are presented in Tables 
4.6, 4.7, and 4.8, respectively. 
The EBT and TM reactors ranked first (same) in technological feasi­
bility. The magnetic and energy storage of EBT reactor are in the state-
of-the-art, and energy conversion and control systems, need small extrapo­
lations from present day technology. 
In technological feasibility, TMR ranked first (same as EBT). It 
rated high in availability of technology and system studies, due to the 
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Figure 4.9. Membership function of preferability of RFPR over other 
concepts based on assessment of physics 
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Maximizing Set 
Ëbt' 
rfp 
0.4 
0.2 0.4 0.8 0.6  1 .0  
Figure 4.10. Membership function of final ratings for subattribute tech­
nological feasibility 
78 
Table 4.6. Ranking of concepts for the technological feasibility 
attribute 
i Concept Ranking 
1 EBTR 1 
2 RFPR 2 
3 TMR 1 
Table 4.7. Final rating of each concept for the technological feasibility 
attribute 
i Concept w^fi) 
1 EBTR 0.809 
2 RFPR 0.743 
3 TMR 0.809 
Table 4.8. The membership of EBTR with the other alternate concepts for 
technological feasibility attribute 
i Concept yj(i) 
1 
2 
3 
EBTR 
RFPR 
TMR 
1.0  
0.829 
1 .0  
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very modest technology required to develop the central solenoid and energy 
conversion systems, and a proof-of-principle evaluation is being considered. 
The RFP reactor ranked second; the low rating was given in the level 
of availability of technology due to the necessity of maintaining special 
plasma pressure and magnetic field profiles for equilibrium and stability. 
Also, the uncertainty involved with material requirements affected the 
results. 
Figure 4.11 shows the degree of preferability of EBT and Tf-1 reactors 
over the RFP reactor concept, where a narrow preferability is expected. 
The same conclusion may be obtained from Table 4.7, where optimal rating 
values for each concept are close to each other. 
The membership functions for final rating of the attribute utility im­
pact are depicted in Figure 4.12. Also, the ranking and final rating of 
each concept, and their membership functions with the most preferred con­
cept (EBT) are given in Tables 4.9, 4.10, and 4.11, respectively. 
The EBT reactor ranked first for least utility impact. Its principal 
strengths are high power density, steady state operation, no need for a 
costly energy storage, high reliability and availability as well as low 
recirculating power. 
The TM system ranked second. It benefited from very high reliability, 
simplicity, modularity, and ease of maintenance. 
The RFPR ranked third. The power density appeared to be moderate, and 
its main drawback was its pulsed operation which may require large energy 
storage. Also, low reliability and more maintenance problems were expected. 
The preferability of utility requirements of EBT concept over the re­
quirements of other concepts is presented in Figure 4.13, where its 
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Figure 4.11. Membership function of preferability of EBTR over other con­
cepts for subattribute technological feasibility 
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Figure 4.12. Membership function of final ratings for subattribute utility 
impact 
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Table 4.9. Ranking of concepts for the attribute utility ijnpact 
i Concept Ranking 
1 EBTR 1 
2 RFPR 3 
3 tmr 2 
Table 4.10. Final rating of each concept for the attribute utility 
impact 
i Concept u^fi) 
1 EBTR 0.898 
2 RFPR 0.702 
3 TMR 0.775 
Table 4.11. The membership of EBTR with the other alternate concepts for 
the attribute utility impact 
i Concept Pj(i) 
1 EBTR 1.0 
2 RFPR 0.428 
3 TMR 0.615 
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Figure 4.13. Membership function of preferability EBT reactor over other 
concepts based on utility impact 
34 
preferability appears a little higher compared to the results of the two 
other attributes. 
The overall membership function of final rating of concepts has been 
evaluated and presented in Figure 4.14 by considering all the three at­
tributes' ratings and weights. In addition, the overall ranking and final 
rating of each concept, and the membership functions with respect to the 
most preferred concepts are presented in Tables 4.12 - 4.14. 
Overall evaluation of concepts is made by considering all of the cri­
teria and the TMR ranked first. Its strengths in technological feasibility 
and utility impact contributed for high ranking. Also, TMR benefited from 
simple design, ease of maintenance, and high reliability. 
The EBTR ranked second in overall evaluation, where similar to the 
TMR, it ranked high (first) in the areas of technological feasibility and 
utility impact, while leading to the lowest rating in the assessment of 
physics. 
The RFP ranked lowest, third; this concept was rated very high in 
assessment of physics, but lowest in the utility impact. 
However, as one can conclude from the overall preferability of the 
optimal concept (TMR) over the others as shown in Figure 4.15 and Table 
4.13, the degree of preferability is very narrow. Figure 4.14 shows that 
the overall cost effectiveness of all the three concepts are close, and as 
a whole, all the concepts are sufficiently attractive to encourage further 
work, to ensure the failure of the main line concept development. 
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Figure 4.14. Overall membership function of final rating for concepts 
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Table 4.12. Overall ranking of concepts 
i Concept Ranking 
1 EBTR 2 
2 RFPR 3 
3 TMR 1 
Table 4.13. Overall rating of concepts 
i Concept y^Ci) 
1 EBTR 0.805 
2 RFPR 0.791 
3 TMR 0.814 
Table 4.14. The membership function of EBTR with other concepts 
i Concept Pj(i) 
1 EBTR 0.972 
2 RFPR 0.935 
3 TMR 1.0 
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Figure 4.15. Membership function of preferability of EBT concept over 
the other concepts. 
88 
5 ALTERNATE FUSION FUEL CYCLES 
In this chapter, the evaluation of four alternate fusion fuel cycles 
is carried out for the selection of the optimal cycle. 
Four alternate fusion fuel cycles are selected for this study: name­
ly, D-T, D-D, D-^He, and P-^^B, for which detailed descriptions are pre­
sented in Appendix A. Those cycles are based on fusion reactions that 
offer reasonable cross sections, require lower ignition temperature, and 
have received most of the attention for early generations of fusion power 
systems. 
In order to evaluate the best alternate fusion fuel cycle, there are 
four distinct steps to be followed. Those are: 
• goal definition; 
• criteria development and evaluation; 
• criteria weights; 
• analysis. 
5.1 Goal definition 
The objectives of applying the methodology developed here to the 
selection of the most acceptable fusion fuel cycle include: inexhaustible 
fuel, less radiation and activation products hazard, low ignition and con­
finement requirements, most economic, ease of energy conversion, reprocess­
ing and inplant handling, minimum added complication in the plant design, 
and the overall fuel cycle considerations. 
89 
5.2 Criteria development and evaluation 
The evaluation of alternate fuel cycles will be judged on the basis 
of how well it satisfies the goal. This can be measured by a set of 
criteria which are listed in Table 5.1 and are evaluated as follows: 
5.2.1 Availability The primary fuels required for the D-T cycle 
are deuterium and lithium. Deuterium is found in natural water with an 
isotopic abundance of one part in 6500, and it is estimated that the oceans 
and other surface waters contain a total of more than 10^^ tons of deu­
terium which will be available for many millions of years. It can be in­
expensively separated (49). The tritium is a g emitting isotope of hydro­
gen with a 12-year half life. Tritium is produced artificially from 
lithium which is available in sufficient supply on land and in sea water. 
o 
The U. S. domestic reserves of lithium are about 4.2x10 kg, and the total 
g 
estimated resources are about 3.5x10 kg. Beyond these reserves and re­
sources, extraction of lithium from the oceans has been viewed as economi­
cal (50). Thus, a rating of "good" is given for the availability of fuel 
for the D-T cycle (5, 49). 
The primary fuel for the D-D cycle is deuterium, which is abundant 
and a rating of "very good" is given for the availability of D-D fuel 
cycle. 
3 The principal fuel for D- He is also deuterium. Helium-3 does not 
occur in appreciable quantities on earth, but it can be bred from tritium 
or extracted from natural gas. Also, it is available as a byproduct from 
the nuclear weapons program. The rating of "good" is given for the 
availability of fuel for this cycle. 
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Boron-11 is the principal fuel for the P-l^B cycle. Boron occurs in 
great abundance on earth, and 80% of it is in isotope (5). The U. S. 
boron-11 reserves at 1971 was estimated to be 3xl0^^kg and Boron-11 in 
seawater is estimated to be 23xl0^^kg (51). A rating of "good" is given 
for fuel availability for this fuel cycle. 
5.2.2 Cost Deuterium, the ultimate fuel for fusion reactor is 
100 times less expensive than Helium-3 (52), The Boron is naturally oc­
curring isotope and can be found in great abundance at very low cost. 
The ratings of this criteria are presented in Table 5.1. 
5.2.3 Ignition requirements The presence of large fusion cross 
section or resonance at low kinetic temperature results in high power den­
sity. In this case, the temperature required for good burn rates (ig­
nition) becomes progressively lower (53). The cross sections for alternate 
fusion fuel cycles were given in Appendix A. The D-T is rated to have 
"very good" ignition due to the large cross section which has a peak 
(<av>) of ^8x10" cm /s at ^40KeV and ideal ignition point (<av>) of 
~8xlO"^^' cm^/s at ~4KeV (53). The D-D is rated "fair" because it has a 
cross section which has a peak (<av>) of ^1.5x10" cm /s at «uSOOKeV and 
ideal ignition point (<av>) of ~1.2xlO"^^cm^/s at '\^OKeV (53). The D-^He 
is also rated "fair" because it has a cross section which has a peak 
(<av>) of ~2.5xl0r^G cm^/s at ~300KeV and ideal ignition point (<av>) of 
~2xl0"^^ at SOOKeV and ideal ignition point (<av>) of ^J.4xl0"^^ at 
~20KeV (53), and P-^^B is rated "poor" since the peak of cross section 
(<av>) occurs at 'v4xl0~^^ cm^/s at ~300KeV (53). 
Table 5.1. Verbal weights and ratings for alternate fusion fuel cycles 
Criteria Weights D-T 
Rating of alternatives 
D-D D-^He 
1. Availability 
2. Cost 
3. Ignition requirements 
4. Thermal radiation Br. 
5. Potential for direct 
energy conversion 
6. Radiation hazard 
7. Reprocessing and 
ease of separation 
8. Added complication in 
the plant design for 
special handling 
Very important 
Very important 
Very important 
Very important 
Important 
Important 
Good 
Very good 
Very good 
Very good 
Important Poor 
Very important Very poor 
Poor 
Poor 
Very good 
Very good 
Fai r 
Very good 
Fair 
Poor 
Fair 
Fair 
Good 
Good 
Fair 
Good 
Good 
Good 
Good 
Fair 
Good 
Very good 
Poor 
Poor 
Very good 
Very good 
Very good 
Good 
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5.2.4 Thennal Bremsstrahlung radiation The characteristic param­
eter in calculation of Bremsstrahlung losses is the atomic number Z, 
since the Bremsstrahlung power losses are proportional to Z (49). Thus, 
in order to reduce the Bremsstrahlung losses, the nuclear charges of the 
plasma ions should be small. The D-T and D-D Bremsstrahlung losses are 
rated "very good" because the plasma ions are only singly charged in both 
cases. The D-^He is rated "good" because ^He has Z of 2. The P-^^B cycle 
is rated "poor" because ^^B has a Z of 5 and, hence, suffers from relative­
ly strong Bremsstrahlung losses. 
5.2.5 Potential for direct energy conversion The ratio of total 
fusion yield energy to the energy released with charged particles, f^, and 
the energy released as kinetic energy of the charged particles, E^, can be 
used as a good measure for rating. The quantitative values for these 
parameters are presented in Table 8.1 (Appendix A) and the ratings based 
on these parameters are given in Table 5.1. 
5.2.6 Radiation hazards The primary sources of radiation hazard 
from fusion fuel cycles are tritium, neutron and neutron activation prod­
ucts. Radiation may be directly released from fuel itself or from its 
products. The D-T fuel cycle is rated lower than others because of its 
neutron activated products and the large inventory of tritium requirement. 
The D-D fuel cycle is neutron deficient when compared to the D-T cycle and 
the neutrons released are of lower energy. Although the tritium regenera­
tion is not required, the tritium generated in secondary reactions needs 
to be recycled; thus, it is rated "poor". The D- He is also neutron de­
ficient if reaction parameters are adjusted to suppress the D-D reaction. 
Therefore, it is rated "good". Finally in the P-^^B cycle there is no 
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need for tritium production and it is the neutron!ess cycle of all fuel 
cycles. Thus, it is rated "very good." 
5.2.7 Reprocessing and ease of separation The reprocessing and 
ease of separation of the fuel and its byproducts is one of the important 
factors which needs to be taken into consideration in the selection of any 
fuel cycle. The tritiated and untritiated impurities such as ^He, H, C, 
N, 0, Si, and Ar must be recovered from the spent D-T fuel stream, then 
these impurities are detritiated and returned to the environment (54, 55). 
The ease of extraction of tritium produced in the blanket in a continuous 
fashion is an important consideration. 
In order to remove hydrogen from deuterium and tritium mixtures or 
even to separate tritium from deuterium, the isotope separation might be 
used. This separation might also be accomplished through the use of a 
multistage system of thin palladium membranes or through cryogenic dis­
tillation (55, 56). Means of reducing tritium diffusion through struc­
tures are now being investigated and developed to assure meeting the ALARA 
requirements. 
The relative level of tritium appearing in the plasma exhaust system 
of a mirror reactor consists of 60% deuterium and 40% tritium, and tritium 
breeding blanket surrounds the plasma. Where a D-D cycle at an ion tem­
perature of 400 KeV has a fuel mixture of 88% deuterium and 12% tritium, 
and there is no tritium breeding is employed in the blanket. However, 
3 3 tritium and He are generated and recycled. Finally, a D- He cycle at an 
ion temperature of 400 KeV has a fuel mixture of 80% deuterium and 20% 
3 3 He, and the He generated by the D-D reaction is recycled and the tritium 
generated by the D(D,H)T reaction is stored (58, 59). 
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The P-^^B cycle produces no neutron and neither produces and does not 
require tritium. Since the P-^^B reaction is so marginal, the radiation 
losses caused by impurities must be avoided (60). However, the effect of 
helium ash is a critical issue (60). Based on these considerations, the 
rating of the fuel cycles is presented in Table 5.1. 
5.2.8 Added complications in the plant design for special handling 
The added complication in the fusion plant design due to different fuel 
consideration is expected to come mostly from the need for handling tri­
tium, and the high neutron flux. The D-T, D-D, and D-^He cycles require 
the handling of the radioisotope tritium. From the plasma chamber ex­
haust and from the blanket regions are considered to be critically impor­
tant (49). 
There are two primary design objectives that needed to be considered 
for tritium containment within the blanket and its related systems. First, 
the release of tritium to the environment under normal operation condi­
tions must be as low as practicable. Second, the engineered safety fea­
tures must ensure minimal tritium release to the environment in the event 
of an accident (60). 
The following are some of the criteria required for the design of 
the tritium handling systems (59). 
(a) All systems containing tritium must be enclosed within a contain­
ment structure that is reasonably leak tight, maintained at a slight nega­
tive pressure, missile protected, and of seismic one designed. 
(b) All containment buildings shall be equipped with atmosphere clean­
up systems which remove tritium both in normal and maintenance conditions. 
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(c) Tritium handling systems shall operate at temperatures and pres­
sures below those at which significant diffusion of tritium through metal 
walls occurs. 
(d) Monitors shall be provided throughout containment structures, par­
ticularly at possible tritium leakage points. 
There are two main pathways by which tritium in a fusion reactor 
could leak to the environment during normal operation: (a) through the 
blanket containment walls and fluid piping into surrounding atmosphere, 
and (b) through the heat exchangers into the steam system. Typical fusion 
reactor designs deal with the problem by making the fuel extraction large 
enough and efficient enough to hold the tritium concentration in the pri­
mary coolant to very low levels. This low tritium concentration then 
limits the diffusion of tritium into the intermediate coolant loop (if any) 
and from there into the steam HY or gaseous HTO. This pathway generally 
has been regarded as easier to control, and resulting emission predicted 
to be smaller. One way to separate hot tritium inventories from cold ones 
and making every design effort to minimize the former surrounding hot 
tritium areas with cold metal walls (61), The most promising way to mini­
mize the hot tritium inventory seems to be breeding in solid lithium com­
pound in a helium cooled blanket. 
In the D-T, D-D cycles the high energy neutron activates the device, 
and gives rise to a design and maintenance, and a radioactive waste prob­
lem. Furthermore, the large neutron flux dictates extensive shielding 
around the reactor (5). 
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The P-^^B is ideal in that it essentially produces all charged par­
ticles, which is very suitable for direct energy conversion. However, 
the electrode degradation and reliability of the direct energy conversion 
System may cause a major problem. Also, the high temperature requirement 
and subsequent radiation losses make P-^^B reaction considerably more dif-
3 ficult to burn than either D-D or D- He. 
Based on these considerations, the rating of the fuel cycles is pro­
vided in Table 5.1. 
5.3 Criteria weights 
The verbal weights are used to indicate importance between criteria. 
The prioritization of the criteria will depend on those criterion which 
are of primary impact on the realization, commercialization, and accep­
tance of fusion reactors. 
5.4 Analysis 
The final ranking and ratings for each alternate fusion fuel cycle is 
obtained by using the information about weights and ratings by the [4AFDA 
code. 
The membership function of the final ratings of alternate fusion fuel 
cycles are given in Figure 5.1. In addition, the ranking, and final rat­
ing of each fuel cycle, and its membership function with the most pre-
3 ferred fuel cycle (D- He) are given in Tables 5.2, 5.3, and 5.4, respec­
tively. 
The D-^He fusion fuel cycle ranked first, because of its larger 
fusion yield energy in the form of charged particles, and minimizing 
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Maximizing Set, M 
D-D 
0.8 
D-^He 
0 .6  
D-T 
0.4 
o.c 0.4 
Figure 5.1. Manbership function of the final ratings for fusion fuel 
cycles 
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neutron production and tritium inventory. Also, it needs less than aver­
age ignition and technological requirements. 
Table 5.2. Ranking of fusion fuel cycles 
i Fuel cycle Ranking 
1 D-T 4 
2 D-D 3 
3 D-^He 1 
4 P-l^B 2 
Table 5.3. Rating of alternate fusion fuel cycles 
i Fuel cycle w^fi) 
1 D-T 0.648 
2 D-D 0.755 
3 D-^He 0.820 
4 P-ilg 0.781 
Table 5.4. The membership function of D-^He relative to other fusion 
fuel cycles 
i Fuel cycle yj(i) 
1 D-T 0.513 
2 D-D 0.830 
3 D-^He 1.0 
4 P-l^B 0.906 
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The P-llB ranked second, due to its high rating on cost, potential 
for direct energy conversion, and radiation hazard. But drawback of this 
fuel cycle is centered on ignition requirements and thermal radiation by 
Bremsstrahlung losses. 
The D-D cycle ranked third because of its modest ignition requirement 
and radiation hazard due to neutron and tritium. 
The D-T ranked fourth, although this fuel cycle needs very low ig­
nition requirements, and has low Bremsstrahlung losses, when compared to 
other cycles. However, it involved more complications due to requirements 
imposed by the presence of neutrons and tritium. 
1.0 a 
0.8 -/ \ 
0(6 \ 
/ 0.4 \ 
/ 0.2 \ 
—1 1 L—1 I 1 A 1 l_ 
-0.6 -0.4 -0.2 P2 0.2 0,4 0.6 
Figure 5.2. Membership function of the preferability of D-D-^He fuel cycle 
over other alternate fuel cycles 
100 
Figure 5.2 presents the degree of the preferability of the optimal 
3 fuel cycle, D- He, over other alternate fuel cycles, where it shows less 
than moderate preferability of D-^He over others. Also, it shows the 
close final rating of advanced fuels, and very narrow preferability of 
D- He to the other advanced cycles. 
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6 ALTERNATE FUSION APPLICATIONS 
Fusion reactions can provide energy in many different forms. These 
include energy in the form of high energy neutrons, charged particles, 
radiation, and thermal waste heat (which is not peculiar to fusion). 
The utilization of any of these forms of energy or their combinations 
largely depends on the reactor design, fuel cycle, and mode of operation. 
The feasibility of any of these applications will be decided by the state 
of technology, economics, and safety and environmental aspects. In this 
study, the decision analysis will be among the pure fusion electrical 
production and fusion-fission hybrid which have been more advanced than 
any other fusion applications. The fusion fission system, called a hy­
brid, is a system wherein a fusion core is surrounded by a blanket contain­
ing fertile material, such as uranium or thorium. The fusion hybrid sys­
tem differs from pure fusion since fusion-fission could produce electric 
power directly, or generate fuel for existing light water reactors (LWR) 
or generate both electric power and LWR fuel. 
For this study, the pure fusion and the hybrid process which gener­
ates both fuel and electricity are considered. Based on a set of criteria 
the decision analysis will be made to see which system is most preferred 
for alternative energy source. The detailed description of fusion elec­
tric device and fusion fission device are given in Appendix A. 
A comparison of the state-of-the-art of the technology and require­
ments for fusion electric and fusion-fission hybrid reactors is shown in 
Table 6.1. In order to be able to consider these basic criteria and many 
others, and to evaluate the options to see which fusion application is the 
Table 6.1. Comparison of the state-of-the-art technology and characteristics of fusion electric and 
fusion-fission hybrid reactors (62) 
Plasma conditions Symbol Current technology 
Hybrid 
characteristics 
Reactor 
characteristics 
Plasma density = 
(particles/cm ) 
Plasma confinement 
time (seconds) 
Lawson Criterion 
density x confinement 
time (sec/cm ) 
Plasma Temp. (keV) 
Plasma pressure 
Magnetic pressure^ 
nt 
T 
3 
Input Variables 
Magnetic field 
Strength on axis (Teslas) 
Neutral beam 
Energy (keV) 
Magnetic power 
Input (ohmic heating 
required in tokamaks) 
(MW) 
Pulse length 
(seconds) 
< 10 13 
< 10 - 1  
> 3 X 10 
~ 1 
13 
< 10^3 
< 6 
<  0 . 0 1  
> 10^3 
5 - 10 
>  0 . 0 2  
< 3 > 4 
^ 100 100 
(positive ion) (positive ion) 
< 5 
< 1 
'V. 400 
< 10" 
> 10 
> 1 
14 
> 10^4 
> 10 
0.03-0.05 
> 5 
> 200 
(negative ion) 
> 500 
(1 to 10 seconds 
before startup) 
> 5 X 10^ 
Output variables 
Power output (MWt) 
Plasma 
Blanket 
Total 
Neutron Wall « 
Loading (MW/m ) 
rpusion power-plasma"! 
1_ Injection power J 
Fissile fuel production 
(kg/MW(t)-year) 
233^ 
Power unit size 
MW(t) 
Mw(e) 
300 
3,200 
3,500 
< 2 
2 - 5  
0.8 - 1.0 
0.5 - 0.7 
3,000 
500 
3,500 
2 - 5 
Demo. 
3-50 
Comm. 
~2,500 
3,500 
~ 1,200 
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most preferred, four distinct steps need to be processed. Those include: 
• goal definition; 
• criteria development and evaluation; 
• criteria weights; 
• analysis. 
6.1 Goal definition 
Development and adoption of a fusion energy system eventually will 
require a system with the best economic, optimum safety and environmental 
impact, less technological requirements, and high proliferation and di­
version resistance. By using these as objectives developed decision 
analysis methodology will be used to see whether pure electric fusion or 
fusion-fission hybrid is most preferable. 
6.2 Criteria development and evaluation 
The decision making process of selection of optimal fusion applica­
tion will be based on a set of evaluation criteria. Table 6.2 lists 
these criteria with their ratings. Those are evaluated as follows. 
6.2.1 Breakeven requirements The required plasma properties of 
nx must be >10^^sec/cm^ (4). As shown in Table 6.2, the hybrid can get by 
13 3 13 3 
with >10 sec/cm where the current state-of-the-art is <10 sec/cm (62). 
The required ion temperature for fusion is also higher than for a hybrid 
and again the current state-of-the-art is coming close to meeting the 
hybrid requirement (62). 
The magnetic field strength is the principal confinement force re­
quirement. The fusion magnetic confinement field strength exceeds 5 Tesla 
and for hybrids it exceeds 4 Tesla closer to being met by the current 
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Table 6.2. Verbal weights and ratings for alternate fusion applications 
Criteria Weights 
Rating of alternatives 
Pure fusion Fusion-fission 
electric hybrid 
1. Break even 
requirements 
Very important Poor Fair 
2. Technological 
requirements 
Very important Fair Poor 
3. Proliferation Important Very good Poor 
4. Safety and en­
vironmental 
impact 
Important Good Fair 
5. Licensing Important Good Fair 
6. Economics Important Fair Good 
state of technology, <_ 3 Tesla (62). The magnetic power input and pulse 
length are also the principal power input requirements which are listed in 
Table 6.1. The hybrid power input requirements are less than those for 
fusion, but both are substantially larger than the current state-of-the 
art (62). 
In a fusion reactor, the power is produced by fusion reaction in the 
plasma and by neutron slowing down in the blanket, whereas in the hybrid, 
the power is produced as fusion energy in the plasma and in reactions in 
the blanket. The numbers described in Table 6.1 represent the basic dif­
ference between a fusion reactor and a hybrid reactor, but the total out­
puts are the same (62). 
The hybrid in contrast to fusion electric reactor does not require 
as high a Q (the ratio of plasma fusion power to injected power). The 
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Q values are shown in Table 6.1 and estimates for satisfactory operation 
of a hybrid are in the range from 2 to 5 and greater than 5 for fusion 
electric (62). This is a significant reduction in the physics constraints 
of the fusion electric device (62). Therefore, fusion hybrid is rated 
"good" and fusion electric is rated "fair". 
6.2.2 Technological requirements Although the fusion-fission 
hybrids result in a more relaxed Lawson requirement, some major engineer­
ing and technological advance requirements may be higher than fusion elec­
tric reactor. With respect to complexity of hybrid system, it is easy to 
imagine how formidable a task it will be to meet both the fusion and fis­
sion requirements. These subsystems include superconducting magnet de­
signs, associated cryogonic systems, injection systems for the fissile 
fuels to be burned in the blanket, reaction products removal systems, ef­
ficient fusion reactor heating method for magnetic confinements fusion 
drives, and cooling and heat removal (60, 62). 
The power produced in the plasma of a fusion reactor is deposited in 
the blanket, where the power is transferred through the vacuum wall (56). 
This high power level at the vacuum wall impairs the structural integrity 
of the wall (63). Also, the neutron wall loading at the first wall is 
about twice as high for a fusion reactor as it is for a hybrid reactor 
(64). However, since the power density in the blanket is higher in the 
hybrid, the blanket cooling requirements are correspondingly higher. In 
general, due to the complex blanket design requirement of the hybrids, the 
engineering and technology requirements of hybrid may be more complicated 
than for a fusion device (65, 66). The behavior of materials subjected 
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to high energy inputs is of major engineering concern to both the fusion 
electric reactor and the hybrid (62). However, hybrid fusion materials 
requirements are less severe than for pure fusion (57). 
6.2.3 Proliferations The fusion electric system, of course, does 
not present problems associated with the fissile fuel cycle and the poten­
tial of diversion and proliferation of nuclear materials for weapon manu­
facture. Therefore, it is rated very high - "very good". However, the 
hybrid has fissile fuel products, and thus, security measures to avert 
nuclear weapons proliferation must be taken into account in the event of 
development (62, 55). Thus, it is rated low, "poor". 
6.2.4 Safety and environmental impact The hazard associated with 
the operation of a hybrid system resides in the accumulated inventory of 
fissile material, fission products and activated material in the fission­
ing blanket. This creates more safety and environmental concerns when 
compared with fusion electric devices. However, the technology to handle 
these aspects is well-developed and tested for LWRs. 
First wall activation product inventories should not differ signifi­
cantly from pure fusion systems because they depend principally on the 
wall loading (62). 
One of the significant safety questions for fusion-fission hybrid re­
actor design concepts deals with the complex control problem for the 
system. Although the fission-fusion hybrid blankets are designed to be 
subcritical throughout the blanket lifetime, various mechanisms of reac­
tivity insertion or geometrical rearrangement could be envisioned which 
might, in an accident situation, lead to criticality (66). 
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The presence of Li in the containment envelope will require appre­
ciable design margin for accidental pressure transients resulting for Li 
concrete reactions. The ratings are given in Table 6.2. 
6.2.5 Licensing Licensing of fusion-fission hybrid reactor is 
expected to be similar to those for LWRs and LMFBRs with regard to fertile-
fissile blanket. Here, fusion electric reactors appear to ease the licens­
ing requirements due to the lack of fissile fuel cycle (56). 
Initially, the blanket fusion-fission hybrid is not composed of fis­
sile materials, and in itself cannot produce self-sustaining fission re­
actions, since it is designed to remain subcritical. The problem pre­
sented by the tritium fuel inventory of the fusion device and of tritium 
bred in the blanket must be dealt with for both the fission electric re­
actor and hybrid (52). 
5.2.6 Economics It is expected that the capital cost of the hy­
brid reactor will exceed that of an lwr or lmfbr or even fusion electric 
reactors with identical thermal rating. However, the final "production 
cost" may well be competitive (55, 62, 64). The hybrid can be considered 
a system with inexhaustible fuel source for a nuclear technology it may 
serve the industrial and synfuels sectors as well as the electrical sector. 
6.3 Criteria weights 
Since not all criteria carry the same weight in the evaluation pro­
cess, it is important to assign a weight for each criteria to identify 
those which are more important for utility acceptance than the others. 
Thus, verbal weights are used to indicate the relative importance between 
109 
criteria. The prioritization of the criteria is expected to depend on 
the utility acceptance attitude. These are listed in Table 6.2. 
6.4 Analysis 
The methodology developed here is applied by using MAFDA and informa­
tion in Table 6.2 to get final ranking and rating for fusion applications. 
Here, Figure 6.1 and Tables 6.3, 6.4, and 6.5 show that pure fusion elec­
tric is ranked better than fusion hybrid. Although fusion-fission hybrid 
relaxes Lawson requirement, and produces fissile fuel for LWR, but it has 
more complex technology requirement, special blanket design requirement, 
higher safety and environment impact due to fissile fuel cycle, and extra 
concern about proliferations and licensing requirements results in a 
preference for fusion over the hybrid. However, Figure 6.2 and Table 6.5 
show that this preferability is very narrow, and by more design considera­
tion and improvement of blanket, and more security measures to avert 
nuclear weapons, the hybrids may be more attractive to utilities than 
pure fusion electric devices. 
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Maximizing Set, M 
0.8 
Pure fusion electric 
Fusion-fission hybrid 
0.6  
0.4 
0 . 2  
1 . 0  0.4 0.6  0.8 0 .2  
Figure 6.1. Membership function of final rating for fusion applications 
Table 6.3. Ranking of fusion applications 
i Applications Ranking 
1 Pure fusion electric 1 
2 Fusion-fission hybrid 2 
I l l  
Table 6.4. Rating of alternate fusion applications 
i Applications Po(i) 
1 Pure fusion electric 0.820 
2 Fusion-fission hybrid 0.767 
Table 6.5. The membership function of fusion electric with hybrid 
i Applications Ul(i) 
1 Pure fusion electric 1.0 
2 Fusion-fission hybrid 0.851 
1.0 
•A 
i 
/ 0.6 . \ 
r\ \ 
/ 0.4 \ 
/ 0.2 \ 
—1 tZ 1 j 1 \ • 
Figure 6.2. Membership function of the preferability of fusion electric 
over fusion-fission hybrid 
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7 CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE WORK 
Multi-attribute fuzzy decision analysis methodology was developed 
and applied to the selection of viable utility oriented options for fusion 
concepts, fuel cycles and applications. A computer code MAFDA, was de­
veloped and used for the evaluation of fusion energy options. In spite of 
the complexity of the decision process, the use of verbal ratings as an 
input to the MAFDA code can provide conclusions about the ranking, rating, 
and degree of preferability of best fusion alternatives relative to the 
others. 
Three alternate fusion concepts that could lead to proof-of-principle 
test were considered. These included EBTR, RFPR, and TMR. The evaluation 
of candidate concept was handled in three subattribute level?.. First, can­
didate concepts were judged on the basis of physics; RFPR, Tf-lR, and EBTR 
respectively ranked first, second, and third. The second attribute level 
was the evaluation of alternate concepts on the basis of their techno­
logical feasibility. The EBTR and TMR concepts are ranked the same and 
then RFPR the second. In the third, and last attribute level, candidate 
concepts were evaluated on the basis of their utility impact, and con­
cepts EBTR, TMR, and RFPR, ranked preferable in that order. 
Finally, the overall evaluation of alternate concepts was performed. 
The results showed TMR, EBTR, and RFPR ranked best, second best, and third 
best, in array. Special attention is given to the overall evaluation, 
since all factors relevant to commercial viability as well as technical 
and economic feasibility. The optimal concept, TMR, is found to be better. 
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but not all that much better than the other candidate concepts. As can be 
seen, this evaluation did not result in one concept ranking at the top in 
all three attribute levels, or very high degree of preferability of op­
timal concept (TMR) over other concepts. In that sense, there is not one 
particular concept that is clearly far ahead of the others and would be an 
obvious candidate for concentration of a major research and development 
program at the present time. However, the most useful result of the eval­
uation is the identification of the strengths and weaknesses of individual 
alternate concepts, and need for vigorous theoretical and experimental re­
search, and technological development program for each concept given a 
priority list. 
Four alternate fusion fuel cycles which are receiving the most at-
3 11 tention for early fusion reactors were evaluated and D- He, P- B, D-D 
and D-T fuel cycles ranked best, second best, third best, and fourth in 
3 
array. The D- He fusion fuel cycle has the largest fusion yield energy 
associated with charged particles, and minimum safety and environmental 
impacts. However, the D-T fusion fuel cycle is the most likely to be 
used in the first generation of commercial reactors due to the largest 
cross section of fusion fuel and the largest ratio of fusion yield energy 
to required ignition energy. 
Finally, in the evaluation of alternate fusion applications, the two 
most developed fusion applications are considered. Pure fusion electric 
is preferred over fusion-fission hybrid, in spite of hybrid relaxation of 
fusion confinement requirements and fissile fuel productions. The hybrid 
reactor design is more complex and there is more safety and environmental 
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problem than the pure fusion reactor. However, the fusion electric is 
better, but not all that much better than hybrid; that is pure fusion has 
a slight edge over the hybrid system. 
There are several recommendations for future work based on the ex­
perience with these evaluations. The methodology and MAFDA code developed 
here should be considered for application to other circumstances and other 
decision making areas where there is a need to evaluate and make selections 
from among a number of competing scientific ideas. The verbal rating and 
weights can be changed and used as desired, such as small, large, medium, 
high, low, very high, very low, ..., etc., for which corresponding member­
ship functions have to be developed and used. 
Also, as new information becomes available in all three areas of 
fusion options, re-evaluation will be needed, and the options can be eval­
uated based on more attributes and subattributes. 
Finally, the MAFDA code is modular, and a number of attributes or 
subattributes along with their weights and ratings can be changed to re­
flect the state of technology. In fact, the MAFDA code can be used in 
an interaction where the results can be displayed on a CTR screen. Con­
tinuous updating of the information would be useful in monitoring programs 
in progress. Input from more than one evaluator could be compiled using 
one of the group consensus methods, such as Delphi or majority vote to 
reach a decision on selection of options. 
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3 APPENDIX A. 
GENERAL DESCRIPTION OF FUSION CONCEPTS 
8.1 Introduction 
In order to enhance a viable fusion burn rate, it is necessary to con­
fine a thermonuclear plasma of a density, n, above a specified minimum 
and hold it at a specific high temperature, T, for a sufficient time, %. 
Plasma confinement can be accomplished by using two methods; namely, mag­
netically confined plasma and inertially confined plasma. 
8.1.1 Magnetically confined plasma Since a plasma consists of 
charged particles, it can be confined by magnetic fields and can be heated 
by magnetically induced plasma current and/or rapidly increasing magnetic 
fi el d. 
8.1.2 Inertially confined plasma In a fusion device using inertial 
confinement, fusion event takes place as a micro-explosion. In these de­
vices, laser light, ion beams, or electron beams are focused on a pellet 
of fusion fuel. The energy from the beam heats and compresses the pellet 
in about 10"^ seconds creating conditions for fusion to occur until iner­
tia is overcome and the reaction is terminated as the pellet flies apart. 
In both cases, the Lawson criterion must be met. Generally, the Law-
son criterion depends on the type of fuel used. For example, for fusion 
concept based on a deuterium tritium (D-T) fuel mixture, nx must exceed 
10^^ to 10^^ cm~^-sec (61). The condition at which fusion power release 
equals the power input needed to heat the plasma to thermonuclear tempera­
ture is called "the break-even" point. 
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8.2 Fusion fuel cycles 
The fundamental fusion reactions are listed in Table A.l, and in 
general, four fuel cycles are possible with these reactions. 
8.2.1 D-T fuel cycle In this fuel cycle, deuterium and lithium 
are the primary fuel. The tritium does not occur naturally and tritium re­
quired for this reaction is regenerated by lithium reaction with the neu­
tron within a blanket which surrounds the plasma. The D-T cycle is 
based on the following reactions (61): 
D+T ^He+n, 
^Li+^n (slow) T+^He, and 
^Li+^n (fast) ^ T+^He+^n-
About 80% of the fusion energy yield from the D-T reaction is carried 
off by neutron energy and 20% as charged particles (49, 61). 
3 8.2.2 D-D-T- He fuel cycle In this fuel cycle, deuterium is the 
primary fuel. Tritium and ^He generated by the D-D reactions are re­
cycled into the plasma and tritium regeneration is not required. The 
primary reactions in this fuel cycle are (49): 
D+D ^ ^He+Jn 
and 
D+D T+P. 
These two reactions occur at approximately the same rate over a 
considerable range of energy and are called the neutron branch and proton 
branch, respectively (49). The energy yield per D-D reaction is relatively 
low, but much of the product tritium and He will react with the deuterium 
and this adds considerably to the fusion energy release. This fuel cycle 
Table 8.1. Fundamental fusion reactions (52, 53, 61 ) 
Reactions E^(Mev) [^(mev) 
Required 
f ignition 
energy, E^, keV 
Energy 
ratio 
Reference fusion fuel 
(1) D+T ^ ^He+t+n 
Advanced fuel fusion reaction 
17.58 3.52 0 . 2  10 1760 
A. Neutron deficient reactions 
( 2 . a )  
2D+2D 
3he+++ln 
0 
t++p+ (2.b) 
(3) D+^He -> 
Neutron free reactions 
(4) P+l^B + 3He+* 
3.27 
4.04 
18.34 
8.7 
0.32 
4.04 
18.34 
8.7 
0.25 
1.0 
1.0 
1 . 0  
50 
50 
100 
300 
66 
80 
183 
29 
'e^ refers to the fusion yield energy (total nuclear energy released in one reaction). 
'e^ refers to the energy released in the form of charged particles. 
fg is a ratio of 
*The ratio of fusion yield energy to required ignition energy. 
'Although reaction (3) is neutron free by itself, but it always is accomplished by reaction (2.a ) ,  
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is sometimes called the catalyzed D-D cycle, becuase the added energy re­
lease eases achievement of ignition while only deuterium is consumed 
(53, 61). 
8.2.3 D-D-^He fuel cycle The deuterium is the primary fuel. 
Helium-3 generated by D-D reaction is recycled, and tritium regeneration 
is not required. The main reaction in this cycle is 
D+^He ^ ^He+P. 
As shown in Table8.1, the fusion yield energy of D+^He is larger 
than any other reactions, and in this case, both the products are charged 
particles which would be available for direct conversion. This fuel cycle 
is the cleanest of deuterium reactions in terms of minimizing neutron 
production and tritium inventory (49). 
8.2.4 P-^^B fuel cycle The nuclear reaction of proton (P) and 
boron-11 (B^^) is an ideal fuel cycle which produces essentially all 
charged particles and its primary fuels are naturally occurring and 
plentiful. The principal reaction for this fuel cycle is (53): 
P+l^B -> 4He 
The draw back of this fuel cycle is that the high temperatures and 
very effective plasma confinement are required, and subsequent radiation 
losses make the P-^^B reaction considerably more difficult to burn than 
D-T,D-D,or D-^He. 
3 Figure A.l shows the cross sections for the D-T, D-D, D- He, and 
P-^^B, with the curves expressed in barns and D-D curve gives the sum of 
the cross sections for two D-D reactions (53). The reaction parameter is 
averaged over a Maxwellian ion distribution and values for each individual 
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reaction may be taken as half the total. The D-T curve has a maximum at 
an energy of 110 KeV, but below about 100 KeV; the D-T cross sections are 
roughly 100 times as large as those for the sun of the two D-D reactions. 
3  In the same energy range, the D- He cross sections are appreciably less 
than the D-D and D-T values, but the curve is rising so rapidly with in-
creasing deuteron energy that it corsses the D-D curve at about 120 KeV, 
3  Also, the same figure gives a v  in cm /s as a function of the plasma tem­
perature in KeV (53). 
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Figure 8.1. Reactipp parameters and cross sections for D-T, D-D, D-^He, 
and P-i^B fuel cycle (53) 
Figure 8.2 shows the relative fusion power densities for the D-T, 
3 D-D and D- He fuel cycles (61). The vicinity of the maximum 
power density of the D-T fuel cycle is about two orders of magnitude 
greater than that of the other two fuel cycles. These three fuel cycles 
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produce substantial amounts of neutrons that result in radiation damage 
and induced radioactivity within the reactor structure and require the 
tritium handling. P-^^B fuel cycle is free of neutron and tritium. How­
ever, it demands more confinement requirements and heating than do the 
lower Z fuels. 
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Figure 8.2. Relative fusion power densities for the D-T, D-D, and 
D-^He fuel cycles as a function of plasma temperature (61) 
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The energy released in fusion can appear as neutron energy and as 
charged particle energy. The neutron energy eventually appears as heat 
within the blanket and would be recovered by a thermal energy conversion 
system. The charged particle energy could also be recovered as heat via a 
thermal energy conversion system or by direct recovery of energy. As shown 
in Table A.l, the fuel cycles D-D-, D-^He and P-^^B offer more 
potential for direct energy than does D-T fuel cycle due to a greater 
fraction of their fusion energy release appearing as charged particle 
energy. 
8.3 Reactor components and major areas of challenges 
The technical problems involved with the fusion concepts fall into 
three areas of: physics and technology, safety and environment, and eco­
nomics and use of material resources. The important problem in the 
area of physics are the unknown behavior of a plasma, plasma instability, 
and the plasma impurities problems, especially in long cycle 
fusion concepts. Another potential problem is structural material. Be­
cause D-T fusion is neutron rich, fusion reactor structural material will 
be exposed to potentially severe radiation damage. However, there are 
good reasons to believe that this problem can be overcome with improved 
materials. Safety and environmental problem related to fusion are tritium, 
production of activation products, and it may be due to magnetic and elec­
tromagnetic field. 
In general, all the fusion reactor development problems can be divid­
ed into two areas of physics and engineering problems; furthermore, each 
one of these areas is divided into fundamental and secondary problems. 
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Figure 8.3 displays the structure of the fusion power development prob­
lems. Many of the problem areas apply to several reactor concepts. 
Engineering Physics 
Secondary: 
design of op­
tional heating 
system, etc. 
Fundamental 
fusion reactor 
problems 
Secondary: 
verification 
of scaling 
laws, etc. 
Fundamental : 
stability, 
heating, 
etc. 
Fundamental : 
first wall 
material, de­
sign of con­
ductors, etc. 
Figure 8.3. Fusion power development problem structure 
8.3.1 The first wall The first wall of the vacuum chamber and 
blanket will be bombarded by three energy sources: neutron induced reac­
tion products and gamma rays, plasma radiation, and plasma particle fluxes. 
This creates major materials, maintenance, and replacement problems. 
8.3.2 Plasma impurities One of the major elements in the plasma 
confinement is the effect of impurity which depends on its atomic number, 
Z. The important impact of impurities on plasma characteristics are the 
macroscopic stability, the rate of energy loss by bremsstrahlung radia­
tion, effects on plasma resistance and its transport properties. Since 
these impurities are fully ionized at the center of the plasma column, the 
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radiation losses tend to arise mostly at the edge of the plasma. The re­
sultant cooling leads to a shrinkage of the current channel, which in 
turn affects the macroscopic stability. High Z impurities generally come 
from the limiter inserted into the vacuum chamber to prevent the plasma 
column from striking the walls. A number of possible impurity control 
techniques are being tested to allow long burns; these are divertors, 
gas flow, and wall material variations including coating with elements 
of low atomic weight. There may be a need for external impurity measures 
to control and prevent impurities to expel (4). 
8.3.3 Magnet design Magnetically confined plasma systems require 
very large superconducting magnets to provide large magnetic fields. Cur­
rent experiments use normal magnets which are not satisfactory for commer­
cial power systems. Therefore, special superconducting magnet technology 
is required (5). 
8.3.4 Plasma heating and fueling Plasma heating is one of the 
major requirements for fusion to occur. In magnetically confined systems, 
this heating is accomplished using neutral beams and/or other techniques 
such as radio frequency (rf) heating. For long cycle fusion systems, the 
plasma will have to be fueled during the operating cycle. Neutral beam 
or pellet injection systems may be used to fuel the devices (25). 
8.3.5 Maintenance and accessibility The maintenance of fusion 
systems is expected to be difficult due to the high levels of radioactivity 
associated with the inner structure. Therefore, most of the maintenance 
is expected to be done by remotely controlled systems. Also, there will be 
additional problems because of the complexity of the fusion systems. 
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Furthennore, the accessibility to perform maintenance and repair tasks 
will also pose a problem. 
8.3.6 Materials The materials required in a fusion reactor 
represent the most serious challenge in fusion development because of the 
extreme environment. The first wall/blanket structure of a fusion reactor 
must perform a variety of functions which range from a vacuum chamber to 
contain the plasma to an energy converter which converts the kinetic 
energy of the fusion reaction into heat. Also, first wall materials will 
be subjected to high energy neutrons, ionized and neutral particles, and 
electromagnetic radiation. More exotic materials may be capable of a 
longer life, but they are more expensive and in shorter supply (10). The 
testing of materials is also a problem, and it will be several years be­
fore a large volume test facility is available. 
8.4 Safety and environmental aspects of fusion energy 
Safety and environmental issues related to fusion generally come 
from the use of lithium and tritium in D-T fuel cycle, and from the produc­
tion of activation products through capture of fusion produced neutrons in 
container wall and other structural materials. Another less important 
issue is whether chronic exposure to magnetic and electromagnetic fields 
may constitute a potential hazard to the health of power plant employees. 
8.5 Applications 
Fusion energy has a wide range of applications, particularly those 
applications that are compatible with fusion energy; these include: syn­
thetic fuel production, radioactive waste reduction, and process heat. The 
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feasibility of any of these applications will be decided by the state of 
technology and economics at the tine fusion energy is developed. 
8.6 Fusion electric device 
Figure 8.4 schematically presents a fusion electric device, where 
atoms of deuterium and tritium are confined and split into helium and 
high energy 14.1 MeV neutrons. The neutron travels to the blanket re­
gion surrounding the plasma where it strikes a lithium atom, deposits its 
energy, and creates tritium. Then, the neutron energy eventually appears 
as heat within the blanket and would be recovered by a thermal energy 
conversion system (56, 62, 63). 
8 .7 Fusion-fission device 
A fusion-fissior hybrid device shown schematically in Figure 8.5, 
consists of a subscritical fast fission interface blanket and one of a 
number of specially designed after blankets surrounding a fusion reactor. 
Depending on the design of the after blanket, the hybrid can produce fis­
sile fuel and/or electricity (62). The 14.1 MeV neutron produced in the 
plasma region travels to the blanket where it converts the fertile mater­
ial, thorium-232 or uranium-238, into fissile isotope, uranium-233 or 
plutonium-239, respectively. Depending upon the energy of the absorbed 
neutrons, various reactions can take place in the fertile blanket such 
as neutron, reemission, fission, and capture (62, 65), If the incident 
neutrons are energetic (> 2 MeV), then neutron multiplying and fast fis­
sion reaction are dominant (62, 65 ). 
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Figure 8.5. Schematic diagram of fusion-fission hybrid 
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+ jn . + 2jn (8.1) 
+ I" - "2" + I" • (8.2) 
The energy yield of the fission reaction is about 180 MeV. 
If the neutron energy is degraded below '\j 2 MeV, then the principal 
absorption reaction is capture. The capture reactions are (62): 
. jn . 239, + ^ (8.3) 
239u ^239„p ^  2^9p„ (8.4) 
or 
+ o" - + Y (8.5) 
^ 'Ih 'II» • (8.6) 
90q poo 
The end products of U and U are both fissile materials and are 
used as a fuel in LWR. 
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9 APPENDIX B. 
MULTI-ATTRIBUTE FUZZY DECISION 
ANALYSIS (MAFDA) CODE 
9.1 MAFDA 
A computer package is developed here for the selection of fusion ener­
gy options. The Multi-Attribute Fuzzy Decision Analysis (f-lAFDA) package is 
a program which utilizes verbal rating, and weights for each attribute and 
subattribute as input. The program is based on fuzzy set theory wherein 
each rating is represented by a membership function. The output gives a 
final rating for each alternate option, and the membership function of the 
optimal alternative with the other alternatives. Also, it gives the fuzzy 
membership function and degree of preferabiliby of best alternative over 
other alternatives. A now chart of the MAFDA program is given in Figure 9.1. 
9.2 MAFDA data input description 
This section describes the data which must be input to MAFDA. 
Input Group 1 
Number of cards: 1 
Format: integer, must be left justified 
Input data: IM 
The parameter IM is the number of sub-group to be considered in de­
cision process. If there is just one group, IM will be one. 
Input Group 2 
Number of cards: 1 
Format: integer, must be left justified 
Input data: UN 
mo 
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. M ' Ni«ib«r of Alternatives 
1 M • Number of Attributes 
IM • Number of Sub-Attributes 
|RR(I.J) « Rating of Alterna­
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Figure 9.1. MAFDA flow chart 
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UN is the flage and is read in as either 1 or 2. If UN = 1, there 
will be sub-groups. If UN = 2, there is just one group in the decision 
process. 
Input Group 3 
Number of cards: 1 
Format: 313 
Input data: N, M, In 
This input consists of three numbers punched on a card. N is the 
number of alternatives, M is the number of criteria and IN is the number 
of points of membership function pq we would like the computer to calculate. 
Input Group 4 
Number of cards: N 
Format: 2013 
Input Data: RR (I,J) 
RR (I,J) is code for rating of alternative I and criteria J. These 
codes are shown in Table 9.1 for each verbal rating. 
Table 9.1. Codes for verbal rating of alternative I and criteria J 
RR (I,J) Code 
Good 1 
Fair 2 
Very good 3 
Not clear 4 
Fair to good 5 
Poor 6 
Very poor 7 
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1  2  3  4  5  6  . . .  M  ( t h e  #  o f  c r i t e r i a )  
3 6 9 12 15 18 . . . 
l i l t  i  i  
Card #1 / 
Card #2 / 
Card #3 / 
i 
i 
i 
Card #N / 
(The # of alternative) 
Input Group 5 
Number of cards: 1 
Format: 2013 
Input data: WW(J) 
WW(J) is code for weighting of criteria J. These codes are shown in 
Table 9.2 for each verbal weighting. 
Table 9.2. Verbal weighting codes for weighting of criteria J 
WW(J) Code 
Very important 1 
Rather unimportant 2 
Moderately important 3 
Important A 
Very unimportant 5 
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Input Group 6 
Number of cards: 1 
Format: 5F10.0 
Input data; yg 
yQ are membership functions that we are assuming are known. Their 
numbers are the same as IN which is given to the computer in Group 3. 
Input Group 7 
This input group is skipped if UN = 2. Otherwise, the input groups 
3, 4, 5, and 6 will repeat for each sub-group. 
Input Group 8 
Number of cards: 1 
Format: 2013 
Input data: WW(J) 
This input group is skipped if UN = 2. Otherwise WW(J), the code 
for weighing of criteria J, must be read in. This weighing will be given 
for each group. The codes are given in Table 9.2. 
Input Group 9 
This input group is skipped if UN = 2. If not, the format will be 
the same as group 6. 
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9.3 MAFDA data output description 
From the data print out, one can draw a graph for membership function 
of final rating for each alternative, both in attribute and subattribute 
levels. Also, the following results can be obtained from the computer 
output: 
1. The array of best, second best, ... etc., can be read out; 
2. The final rating for each alternative, both in attribute and sub-
attribute levels; 
3. The membership of the optimal alternative with other alternatives; 
and 
4. Finally, the preferability of best alternative over the other al­
ternatives. 
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10 APPENDIX C. 
STUDY AND PANEL EVALUATIONS OF ALTERNATE FUSION 
REACTOR CONCEPTS BY DOE 
DOE conducted a panel evaluation of eleven alternate concepts at 
several different levels (6). The results of the evaluation are summarized 
by category, including discussion of high, low, and very low scores pre­
sented in Tables 10.1 - 10.3. In addition, bar charts showing the scores 
for EBT, RFP, and multiple mirrors reactor concepts and the average scores 
are provided in Figures 10.1 - 10.3. 
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Figure 10.1. Evaluitl^n of EBT reactor concept (6) 
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Table 10.1. Physics (6) 
RFP EBT FLICR LINUS 6-PINCH LHS EBHS MM ION RINGS SURMAC TORMAC 
Equilibrium 
and stability 
Transport VL 
Heating 
Impurities 
Refueling H VL VL VL 
H - High conficence 
Blank - Average confidence 
L - Low confidence 
VL - Very low confidence 
Table 10.2. Technology (6) 
RFP EBT FI.ICR LINUS 0-PINCH LHS EBHS MM ION RINGS SURMAC TORMAC 
Magnetics H H VL 
Heating H 
First wall 
and blanket 
Energy Storage H 
Impurity control L 
Energy conversion L 
Control L 
H - High confidence 
Blank - Average confidence 
L - Low confidence 
VL - Very low confidence 
Table 10.3. Reactor desirability (6) 
RFP EBT FLICR LINUS 0-PINCH LMS EBHS MM ION RINGS SURMAC TORMAC 
Power density 
Auxiliary system 
requirement 
Recirculating 
power frac. 
Siting, safety, 
environment 
Miscellaneous 
capital costs 
Planned outages BA 
Unplanned 
outages 
Minimum size 
BA 
BA 
BA BA 
BA 
Component 
development 
costs 
6 - Good 
Blank - Average 
BA - Below average 
P - Poor 
1 
2 
3 
4 
5 
6 
7, 
8.  
9. 
10. 
11. 
12. 
13. 
14. 
186 
REFERENCES 
J. H. Vanston. Use of Partitive Analytical Forecasting (PAF) Tech­
nique for Fusion Development Analysis, Trans. Amer. Nucl. Soc. 
17, 53 (1973). 
S. P. Nichols, J. H. Vanston, Jr., Possibilities of the Fusion-Fis­
sion Hybrid Concept in the Context of the Overall DCTR Goals, 
Trans. Amer. Nucl. Soc. 13 (1975). 
S, 0. Dean, Fusion Power by Magnetic Confinements, Technical Report 
No. ERDA-76/110/0. 
Z. A. Sabri and R. J, Debellis, Fusion, World Energy Conference Re­
port on Fusion, EPRI Agreement Number S0A76-330 (1977). 
F. C. Ford and F. F. Chan, Alternate Concepts in Controlled Fusion, 
Technical Report No. EPRI-ER-249-SR (1977). 
J. F. Decker, An Evaluation of Alternate Magnetic Fusion Concepts, 
Technical Report No. DOE/ET-0047. 
Alternate Concepts Development Program, Federal Register, 43, No. 
163, 38615-38616, Tuesday, August 29 (1978). 
J. F. Decker, Report on the Concept Review Committee Recommendations 
for Proof-of-Principle Alternate Concept Programs, Technical 
Report No. DOE/ET-0085. 
Chase Delphi Study on Fusion, The Chase Manhattan Bank, N. A. 1 
Chase Manhattan Plaza, N.Y., N.Y., September (1979). 
B. R. Gaines and L. J. Kohout, Foundations of Fuzzy Reasoning, Int. 
J. Man-Machine Studies, 8, 623 (1976). 
D. H. Krantz, Conjoint Measurement: The Luce-Tukey Axiomation and 
Some Extensions, Journal of Mathematical Psychology, 1, 248-
277 (1964). 
P. Slovic and S. Lichtenstein, Comparison of Bayesian and Regression 
Approaches to the Study of Information Processing in Judgment, 
Organizational Behavior and Human Performance, 6, 649-744 
(1971). 
W. Edwards and H. Lindman, Bayesian Statistical Inference for Psycho­
logical Research, Psychological Review, 70, 193-241 (1963). 
R. L. Keeney, Quasi-Separable Utility Functions, Naval Research 
Logistics Quarterly, l^, 551-565 (1968). 
16 
17 
18 
19 
20. 
21. 
22, 
23, 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
187 
B. R. Gaines and L. J. Kohout, The Fuzzy Decade: A Bibliography of 
Fuzzy Systems and Closely Related Topics, Int. J. Man - Machine 
Studies, 9, 1-68 (1977). 
R. E. Bellman and L. A. Zadeh, Decision Making in Fuzzy Environment, 
Management Science 178, 141 (1970). 
J. F. Baldwin and N. C. Guild, Comparison of Fuzzy Sets on the Same 
Decision Space, Fuzzy Sets and System 2, 213-231 (1979). 
S. M. Baas and H. Kwakermaak, Rating and Ranking of Multiple Aspect 
Alternatives using Fuzzy Sets, Automatica, l^, 47 (1977). 
C. V. Negoita and D. A. Ralescu, Application of Fuzzy Sets to System 
Analysis (John Wiley and Sons, New York, 1975), p. 155. 
S. Kahne, A Contribution to the Decision Making in Environmental De­
sign, Proceedings of the IEEE, 6^, No. 3, 513-528 (1975). 
S. Kahne, A Procedure for Optimizing Development Decisions, Automatica 
11, 261-269 (1975). 
R. Jain, Decision Making in the Presence of Fuzzy Variables, IEEE 
Transactions on Systems, f'lan and Cybernetics, SMC-6, No. 10, 
698 (1976). 
F. F. Chen, Alternate Concepts in Magnetic Fusion, Physics Toady, 32, 
No. 32, 25-22 (1979). 
F. L. Ribe, Fusion Reactor System, Reviews of Modern Physics, 
No. 1, 3-20 (1975). 
C. J. McHargue and J. L. Scott, Materials Requirements for Fusion 
Reactors, Metallurgical Transactions, 151 (1978). 
R. 0. Chester and J. E. Till, Radiological and Environmental Aspect 
of Fusion Power, Nuclear Safety, 18, No. 2, 203-215 (1977) 
D. 6. Mcalees, The Elmo Bumpy Torus Reactor Study, Technical Report 
No. ORNL/TM-5569 (1976). 
N. H. Lazar, Observations of Low Charge State Impurities in EBT, 
Technical Report No. ORNL/TM-5899 (1977). 
R. A. Dandl, et., Elmo Bumpy Torus Program, Technical Report No. 
ORNL/TM-5451 (1975). 
F. E. Coffman, Fusion Technology Development, Technical Report No. 
D0E/ET-0116/1 (1979). 
188 
31. U. A. Uckan, et.. The Elmo Bumpy Torus Reactor (EBTR) Reference De­
sign Study, Trans. Amer. Nucl. Soc. 57 (1977). 
32. A. L. Boch, EBT-P Proposed Reference Design Report, Technical Report 
No. ORNL/TM-7191 (1978). 
33. N. A. Uckan, et., Elmo Bumpy Torus (EBT) Reactor, Technical Report 
No. IAEA-TC-145/22 (1977). 
3 34. F. H. Southworth and J. L. Usher, D- He Fueled Bumpy Torus Reactors, 
Trans. Amer. Nucl. Soc. 24 (1978). 
35- Q. T. Fang and G. Gerdin, Self-consisting Operating Point Calculations 
of Elmo Bumpy Torus Reactors, Trans. Amer. Nucl. Soc. 30, 35 
(1978). 
36. R. L. Hagenson, R. A. Krakowski and G. E. Cort, The Reversed Field 
Pinch Reactor (RFPR) concept.. Technical Report No. LA-7973-MS 
(1979). 
37- R. L. Hagenson, et., A Toroidal Fusion Reactor Based on the Reversed 
Field Pinch, Technical Report No. IAEA-TC-145/20 (1977). 
38. D. G. Thomson and W. F. Dove, Advanced Fusion Concepts Project Sum­
maries, Technical Report No. DOE/ET-0104 (1979). 
39. R. L. Hagenson and R. A. Krakowski, A Cost Constrained Design Point 
for the Reversed Field Pinch Reactor, Amer. Nucl. Soc. 3rd Top. 
Mtg. Technology of Controlled Thermonuclear Fusion, 1, 90 
(1978). 
40. G. A. Carlson, Energy and Technology Review, Technical Report No. 
UCRL-52000-78-9 (1978). 
41. T. C. Simonen, TMX Tandem Mirror Experiments, Trans. Amer. Nucl. 
Soc. 33, 83 (1979). 
42. D. E. Baldwin, B. G. Longan, and T. K. Fowler, Improved Tandem Mirror 
Fusion Reactor, Technical Report No. UCID-18155 (1979). 
43. G. A. Carlson et.. Tandem Mirror Reactor with Thermal Barriers, Tech­
nical Report No. UCRL-S2836 (1979). 
44. W. S. Neef, Jr., Remote Servicing Features of Two New Mirror Fusion 
Reactors, Trans. Amer. Nucl. Soc. 66 (1977). 
45. R. W. Moir, et.. Tandem Mirror Reactor, Technical Report No. lAEA-
TC-145/15, (1977). 
47 
48 
49 
50 
51, 
52, 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
189 
R. W. Moir, et.. Tandem Mirror Hybrid Reactor Design Study, Trans. 
Amer. Nucl. Soc. 27 (1979). 
D. W. Culver and W. S. Neef, Mechanical Structure of Mirror Hybrid 
Reactor Power Plant, Trans. Amer. Nucl. Soc. 95 (1979). 
W. S. Neef, Jr., A New Central Cell Design for the TMR, Trans. 
Amer. Nucl. Soc. 95 (1979). 
S. Glasstone and R. H. Lovberg, Controlled Thermonuclear Reactions, 
(D. Van Nostrand Co., New York, 1960). 
J. P. Holdren, Fusion Energy in Context: Its Fitness for the Long 
Term, Science, 200, No. 14, 168-180 (1978). 
R. Bunde, The Energy Reserves of D-T Fusion, Atomkernenergie (ATKE), 
28-36 (1978). 
F. Hirschfeld, The Future with Fusion Power, Mechanical Engineering, 
99, No. 4, 23 (1977). 
G. H. Mi ley, Advanced-Fuel Fusion Concepts, Atomkernenergie, 
No. 1, 12 (1978). 
J. L. Anderson, et.. Impurity Removal and Recovery Processes for 
Fusion Reactor Fuel Streams, Amer. Nucl. Soc. 41-42 (1978). 
W. R. Wilkes, Hydrogen Isotope Distillation in a Fusion Reactor Sys­
tem, Amer. Nucl. Soc. 19, 20-21, (1974). 
R. C. Liikala, Persepctive on the Fusion-Fision Energy Concept, 
Technical Report No. PNL-SA-5492 (1978). 
R. H. Wiswall, Jr., Removal of Tritium from Solid CTR Blanket Material, 
Amer. Nucl. Soc. ^9, 20 (1974). 
J. M. Dawson, Alternative Concepts in Controlled Fusion. Part C: 
Fusion Reactor Using the P-l^B Reactor. Technical Report No. 
EPRI-ER-429-SR (1977). 
R. Cherdack, et.. Scoping of Tritium Handling in a Tokamak Experiment­
al Power Reactor, Sixth Symposium on Engineering Problems of 
Fusion Research, San Diego, Cal., 544-551, November 18-21, 
1975. 
L. D. Hansborough, and E. L. Draper, Jr., Overall Tritium Considera­
tions for Controlled Thermonuclear Reactors, Technical Report 
No. ELS-10, 1973. 
190 
61. D. Steiner, The Technological Requirements for Power by Fusion, 
Nucl. Sci. Eng., %, 107 (1975). 
62. J. H. Crowley, et., Fusion-Fission Hybrid Systems, Technical Report 
No. UE&C-D0E/EPRI-783112 (1978). 
63. H. A. Bethe, The Fusion Hybrid, Physics Today 32, No. 5, 44 (1979). 
64. R. S. Denning, et.. Fusion Power Development Issues, Technical Report 
No. PB-285566 (1977). 
65. R. T. Perry, et., Prospective on the Fusion-Fission Energy Concept, 
Technical Report No., UWFDM-354 (1979). 
66. A. Avery, Fusion-Fission Hybrid Study Summary Report, Argonne National 
Laboratory, July (1978). 
67. D. A. Dingee, Fusion Power, C&EN, No. 4, 33 (1979). 
191 
ACKNOWLEDGEMENTS 
The author wishes to express his sincere appreciation to Dr. Z. A, 
Safari, thesis adviser, for her patience, encouragement, guidance and 
assistance during the course of this research. 
The author also wishes to express his appreciation to Dr. A. A. 
Husseiny, the director of Science Application, Inc., for his expert ad­
vice and guidance throughout this study. 
Certainly, my very special thanks to my wife, and my son, Yashar, 
to my mother, my father for all their encouragement. 
